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ABSTRACT OF DISSERTATION 
 
 
 
 
ROLES OF THE JAK PATHWAY IN FOLLICULAR PATTERNING IN 
DROSOPHILA 
 
 
 
The JAK-STAT pathway is an intracellular signaling pathway that is found to 
have crucial roles in hematopoiesis, immune response and the development of many 
other tissues in mammals. The pathway is conserved in Drosophila melanogaster, and is 
much simpler: there is only one Drosophila JAK (Hopscotch, Hop) and STAT 
(STAT92E) respectively, while there are at least 4 JAKs and 7 STATs in mammals. The 
pathway has been intensively studied in Drosophila, and has been implicated in many 
tissue development and cellular processes. In this work, I present several roles of JAK 
signaling in oogenesis. 
First, JAK signaling is required for cell differentiation within a specific lineage of 
follicle cells — stalk cells and polar cells. Unpaired (upd), which encodes the known 
ligand for the pathway, is expressed specifically in the polar cells in the developing egg. 
Reduced function of Upd or Hop results in fusions of egg chambers, which is primarily 
caused by improper formation of stalk cells, while general activation of the pathway in 
the egg chamber produces an extra number of stalk cells and sometimes eliminates polar 
 
 
 
follicle cells. Based on the known function of the Notch pathway in oogenesis, we 
propose a model that Notch signaling determines a pool of precursors for the polar and 
stalk cells while JAK activity determines their specific fates within that pool.  
Second, JAK signaling is also involved in epithelial follicle cell differentiation. 
Consistent with the expression pattern of upd in the ovary, there is a gradient of JAK 
activity expanding from the poles, and this JAK activation gradient is both required and 
sufficient to suppress the main body follicle cell fate. Also, different levels of JAK 
activity are required and sufficient to determine both anterior and posterior terminal 
follicle cell fates. Consistent with these data is a model that a gradient of JAK activity 
triggered by Upd from the poles pre-patterns the epithelium into three domains and pre-
determines sub-populations of terminal follicle cell fates prior to the EGFR activation, 
and cooperates with EGFR activity later to define posterior terminal follicle cell fates. 
This provides the first evidence for a morphogenic function of the JAK-STAT pathway in 
any organism. 
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Chapter One 
 
Background 
 
 
 
Follicular Patterning in Drosophila oogenesis 
 
Drosophila oogenesis provides a unique system for addressing many biologically 
important questions, including mechanisms of cell fate commitment directed by multiple 
signaling pathways, cell morphogenesis and stem cell survival and renewal. In the 
Drosophila ovary, a germline cell cyst is surrounded by a single layer of somatic follicle 
cells. Cell to cell communications within the somatic layer and between somatic cells and 
germline cells are crucial for the patterning of the egg and thus the establishment of both 
anterior-posterior and dorsal-ventral polarity of the oocyte (reviewed by van Eeden and 
St Johnston 1999). Oogenesis is initiated in the germarium, a structure at the anterior end 
of the ovariole (Fig1-1A). It contains 2~3 germline stem cells within a niche environment 
at the anterior tip (Xie and Spradling 2000), two to three somatic stem cells in the central 
region (Margolis and Spradling 1995; Zhang and Kalderon 2001), the youngest germline 
cysts and egg chambers, and other supporting somatic cells. One germline stem cell 
divides to give rise to a new stem cell and a daughter cystoblast cell. The cystoblast cell 
then divides four times with incomplete cytokinesis to form a 16 germline cyst. Only one 
of the germline cells will adopt the oocyte fate and is always localized to the posterior 
end while the rest become nurse cells. As the cysts move posterior and pass through the 
middle region of the germarium, they are progressively encapsulated by a single layer of 
somatic cells. While the somatic cells continue to proliferate, a small population of 
somatic cells begins to adopt specific cell lineages as polar and stalk cell precursors. At 
the time egg chambers begin to pinch off from the germarium, these cells stop 
proliferating and differentiate into their mature cell fates. These cells form a pair of 
anterior polar cells in the more mature egg and a pair of posterior polar cells in the less 
mature egg, whereas 5-7 stalk cells are spaced between the two pairs of polar cells 
(Tworoger et al. 1999). The remaining pre-follicle cells continue to divide four to five 
times until midway through oogenesis during stage 6. These cells become progressively 
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subdivided into multiple cell types that undergo distinct morphological changes before 
the egg is mature (Spradling 1993).  
The proper specification of follicle cell subpopulations is required for the proper 
localization of the maternal determinants and will ultimately determine the body axes of 
the embryo. There are several steps in the patterning of the follicle cell epithelium 
(Gonzalez-Reyes and St Johnston 1998b) (Fig. 1-1). First, the follicle cell epithelium is 
divided into a main body follicle cell domain flanked by two terminal follicle cell 
domains with anterior-posterior symmetry prior to stage 6. Second, at stage 6, the oocyte 
nucleus sends a Gurken (a ligand for Drosophila EGF receptor, DER) signal to the 
adjacent follicle cells at the posterior to suppress anterior terminal follicle cell fate 
(Gonzalez-Reyes et al. 1995; Roth et al. 1995). Subsequently, at stage 7, these posterior 
follicle cells send an unknown signal back to the oocyte to trigger cytoskeletal 
polarization and reorganization that directs the microtubule-dependent migration of the 
oocyte from the posterior to a point on the dorsal-anterior cortex. A second Gurken signal 
at stage 10 activates the EGF receptor pathway in the dorsal region to define the dorsal 
follicle cell fates. Thus, two pulses of EGFR activation at the posterior and dorsal 
successively establish both A/P and D/V axes of the epithelium (reviewed by Van 
Buskirk and Schupbach 1999).  
During stages 7~10, anterior follicle cells move toward the posterior and are 
progressively subdivided into three distinct follicle cell types along the anterior-posterior 
axes: border cells, stretched follicle cells and centripetal follicle cells (Fig1-1A). The 
border cells are a group of 5~8 follicle cells that are found in close proximity to the 
anterior polar cells and transit from non-migratory columnar epithelial cells to 
mesenchymal cells that migrate along with the anterior polar cells to a position between 
the nurse cells toward the anterior of the oocyte. The stretched follicle cells are the cells 
that become stretched to cover the nurse cells as the rest of the anterior follicle cells move 
posterior to envelope the oocyte. The centripetal follicle cells are formed at stage 10 and 
migrate between the oocyte and nurse cells to cover the anterior of the oocyte. In 
contrast, the posterior follicle cells do not undergo obvious subdivision, but they do form 
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a pattern in late oogenesis in which the posterior cells form an organized cluster toward 
their center — the posterior polar cells.  
Evidence supporting a role for EGFR activity in suppressing anterior terminal 
follicle cell fates at the posterior end comes from experiments of Gonzalez-Reyes and St 
Johnston (1998), these researchers investigated the role of EGFR signaling in posterior 
follicle cell determination by generating small clones of cells that are homozygous for a 
null allele of egfr. Interestingly, mutation of egfr in the posterior follicle cells results in 
inappropriate differentiation into specific anterior follicle cell fates in the corresponding 
position: the most terminal egfr- cells that are in close proximity to posterior polar cells 
only stain with a border cell marker, the sub-terminal egfr- cells (2 cell diameters away) 
only stain with a stretched follicle cell marker, and the least terminal (10 cell diameters 
away) stain with a centripetal follicle cell marker. The result suggests that the posterior 
follicle cells are initially determined to become anterior terminal follicle cells prior to the 
Gurken signal, but that these fates are suppressed by EGFR activity (Fig1-1C). Consistent 
with this phenomenon, expression of an activated form of the EGFR, λ-Top, throughout 
the epithelium results in the adoption of posterior terminal follicle cell fates at both 
termini (Keller Larkin et al. 1999) (Fig1-1B). 
Although there are great advances in the understanding of the mechanisms of 
follicle cell fate determination and epithelial patterning, many questions remain 
unanswered. For example, studies suggest that Notch signaling is involved the initial 
commitment of cells to the stalk-polar cell precursor lineage. But it is not known what 
promotes their differentiation into either the polar cells or stalk cell fate. Also, it is clear 
that EGFR signaling has an instructive role in the definition of the posterior terminal cell 
fate, but the underlying pre-patterning mechanism is not clear. The symmetrical 
patterning along the anterior / posterior axis of the epithelium suggests that a signal from 
the polar cells is involved. In this work, evidence will be provided for a role for the JAK 
pathway activity in distinguishing stalk cells from polar cells within their precursor pool. 
Evidences is also presented for a central role for graded JAK activity in establishing the 
underlying pre-pattern within the epithelium.  
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The JAK-STAT pathway in Drosophila 
 
One signaling pathway that has been implicated in the follicular development in 
the mammalian ovary is the JAK-STAT pathway (Russell and Richards 1999). The 
pathway was already known to transduce signals from the cell surface to the nucleus 
triggered by many cytokines and hormones, and has a crucial role in immune response 
and hematopoiesis (reviewed by Imada and Leonard 2000). Pathway activation starts 
with ligand binding to the receptor, followed by receptor dimerization (Fig. 1-2). The 
receptor itself has no kinase activity, but cytoplasmic protein kinase, Janus kinase (JAK) 
is able to associate with the receptor. Receptor dimerization results in activation of the 
JAK kinase. The JAK then phosphorylates a tyrosine residue on the intracellular domain 
of the receptor, providing a docking site for SH2 domain containing proteins. The 
primary downstream target is STAT (Signaling Transducer and Activator of 
Transcription). The STAT is then recruited into the receptor complex and becomes 
phosophorylated by JAK. The STATs then form dimers and translocate into the nucleus, 
where they regulate transcription of specific target genes (Briscoe et al. 1994; Darnell et 
al. 1994; Leonard and O'Shea 1998; Schindler 1999). There are at least 4 JAKs and 7 
STATs in mammals. Interestingly, most known receptors form hetero-dimers, and each 
receptor couples to specific JAK and STAT molecules. This diversity might account for 
the specificity and pleiotropy of JAK pathway function. 
The JAK-STAT pathway is conserved in Drosophila, and is much simpler in 
terms of the redundancy of the pathway components. There is only one JAK and STAT in 
Drosophila. In addition to its unique genetic manipulations and other unique techniques, 
the Drosophila system provides a powerful tool to study the regulatory mechanisms of 
the pathway and the functions of the pathway in development of various tissues.  The 
JAK protein, Hopscotch (Hop), the STAT protein, STAT92E, and the known ligand for 
the pathway, Unpaired (Upd), were sequentially identified as components of the pathway 
on the basis of their mutations sharing distinctive embryo segmentation defects (Binari 
and Perrimon 1994; Hou et al. 1996; Yan et al. 1996; Harrison et al. 1998). Recently, a 
receptor of the pathway has been identified through a screen for mutants with tracheal 
defects and a screen for suppression of the enlarged eye phenotype caused by ectopic 
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expression of upd in the eye (Brown et al. 2001; Chen et al. 2002). The pathway is also 
involved in the development of many other cellular processes and the development of 
many tissues, including the establishment of cell polarity in the eye (Zeidler et al. 1999), 
sex determination (Jinks et al. 2000), larval blood cell development (Harrison et al. 1995; 
Luo et al. 1995),  and stem cell maintenance in spermatogenesis (Kiger et al. 2001; 
Tulina and Matunis 2001).  
In this work, the roles of Drosophila JAK signaling in oogenesis were 
investigated. There are very specific and similar expression patterns for unpaired, 
stat92E and domeless in the follicle cells. Consistent with their expression pattern, the 
JAK-STAT pathway is required specifically in the somatic follicle cells for their proper 
differentiation. Their specific roles in cell fate commitment and possibly also as a 
morphogen in epithelium patterning will be described.  
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Fig. 1-1. Egg chamber development and follicular epithelium patterning. (A) 
Schematic diagrams showing the early to mid stages of egg chamber development and 
mechanisms of epithelium patterning along the anterior-posterior axis. See text for 
details. For egg chambers in this and all subsequent figures, the anterior is to the left and 
the posterior to the right. (B) Ectopic activation of EGFR signaling in the epithelium is 
sufficient to suppress anterior terminal cells at anterior. (C). In egfr mutant egg chamber, 
anterior terminal cell fates develop at posterior. 
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Fig. 1-2. Signaling transduction by the JAK/STAT pathway. The JAK/STAT pathway 
represents a rapid way to transduce signals from the cell surface to the nucleus. Pathway 
activation starts with ligand binding to the receptor, followed by receptor dimerization. 
The receptor itself has no kinase activity, but cytoplasmic protein kinase, Janus kinase 
(JAK) is able to associate with the receptor. Receptor dimerization results in trans-
phosphorylation and activation of the JAK kinase. The JAK then phosphorylates a 
tyrosine residue on the intracellular domain of the receptor, providing a docking site for 
SH2 domain containing proteins. The STAT protein is then recruited into the receptor 
complex and becomes phosophorylated by the JAK. The STATs then form dimers and 
translocate into the nucleus, where they regulate transcription of specific target genes. 
See text for more details. 
 
 
 
 7 
 
 
 
 
 
 
 
 
 
 
Fig. 1-3. Cytoskeleton re-arrangement in the developing oocyte. In early oogenesis, 
the oocyte nucleus is localized at the posterior pole while the minus end of the 
microtubule is located at the posterior and plus end at anterior of the oocyte. At stage 5, a 
Gurken signal from the oocyte nucleus to the posterior follicle cells defines posterior 
terminal cell fate. At stage 7, posterior terminal cells send an unknown signal back to 
oocyte, which triggers the cytoskeleton re-arrangement and microtubule-dependent 
migration of the nucleus to dorsal anterior cortex (where the second Gurken signal to the 
abutting follicle cells induces the dorsal follicle cell fate). Thus, at stage 10, the minus 
end of the microtubule is localized at the anterior and the plus end at the posterior. 
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Chapter Two 
 
The JAK pathway regulates stalk and polar cell decisions within their 
precursor pool 
 
 
Introduction 
 
Cell lineage specifications mediated by cell-cell interactions through signaling 
pathways are crucial steps in many developing tissues and organs. Drosophila oogenesis 
provides a simple system to study specific lineage commitments. In the early developing 
egg, two groups of special follicle cells including polar cells and stalk cells are specified. 
Polar cells are arranged as a pair of cells localized at both anterior and posterior poles of 
an egg chamber. Stalk cells are 5~7 disc shaped follicle cells that act as a spacer between 
egg chambers. Clonal analysis suggests that polar cells and stalk cells are formed from 
the same precursor cell lineage that ceases to proliferate soon after precursor fate 
commitment (Tworoger et al. 1999). This is different from the rest of the follicle cells, 
which still undergo proliferation in accordance with the growing germline cyst until stage 
6. Previous studies suggested that the Notch pathway is involved in the initial 
commitment of the precursor pool for polar and stalk cells (Ruohola et al. 1991; Larkin et 
al. 1996). Analysis of a Notch activity modifier, Fringe, revealed that Fringe and Notch 
are required for proper specification of polar cells (Grammont and Irvine 2001). 
Interestingly ectopic expression of Fringe in the stalk cells is not sufficient to transform 
these cells into the polar cell fate, suggesting other factors are involved in the polar-stalk 
cell differentiation. Recently, a function of Notch in promoting the transition of the 
follicle cell from proliferating cell cycle to endocycle was revealed by analysis of a null 
allele of Notch (Deng et al. 2001; Lopez-Schier and St Johnston 2001). Thus, it seems 
that Notch signaling has a permissive role for the follicle cells to adopt a specific fate 
while other unknown factors instruct the cell to adopt this fate.  
In this chapter, a specific requirement of JAK signaling in the differentiation of 
polar and stalk cells is described. upd is expressed specifically in the polar follicle cells. 
Mutation of hop or stat results in fusion of egg chambers, which is primarily caused by 
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the loss of stalk cell fate. Furthermore, ectopic activation of the pathway results in extra 
stalk-like cells while the polar cells are sometimes diminished. These data suggest that 
JAK signaling functions in determining stalk and polar follicle cell fates within the 
precursor pool. 
 
Results 
 
unpaired is expressed specifically in polar cells 
To test if JAK signaling is involved in oogenesis, first I asked if components of 
the JAK signaling  pathways are expressed in the ovary. Digoxigenin-labelled DNA 
probes against upd, hop and stat (stat92E) mRNA were generated and used to reveal the 
expression patterns for these genes. Interestingly, unpaired, which encodes a ligand for 
the JAK-STAT pathway, is expressed specifically in the polar follicle cells at both the 
anterior and posterior ends of stage 2 and older egg chambers (Fig2-1A).  In the 
germarium, its expression is weakly detected in a cluster of follicle cells that migrate 
between adjacent germline cysts (Fig 2-1A, arrow). Presumably, these cells are polar-
stalk cell precursors. Consistent with the upd expression pattern by in situ hybridization, 
an enhancer trap line for upd (upd-lacZ) reveals an identical expression pattern in the 
ovariole (Fig 2-1B). In situ hybridization to hop RNA reveals a weak ubiquitous 
expression of hop in the follicular epithelium (data not shown), while hybridization to 
stat92E RNA reveals that stat is expressed highly in the follicle cells in the germarium 
(Fig2-1C). In the vitellarium, high stat RNA expression is maintained in the termini of 
the early egg chambers, similar to upd expression, but in a broader domain than only the 
two polar cells (Fig2-1C). At stage 9 and later, stat is highly expressed in the nurse cells, 
consistent with the previously described maternal role of STAT in early embryogenesis 
(Hou et al. 1996; Yan et al. 1996)(data not shown). No staining is detected using a sense 
control probe for upd, hop or stat (data not shown). The expression pattern for stat is also 
revealed by an enhancer trap line for stat, in which the expression is detected in all 
follicle cells while the highest level of expression is detected in the polar and stalk cells 
(Fig2-1D). These expression data suggest a potential role for the JAK pathway in 
oogenesis. 
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Mutations in the JAK signaling pathway produce fusion of egg chambers 
If the JAK pathway is required for normal development of the egg, we would 
expect some defects in JAK mutant egg chambers. Null mutations of upd, hop or stat 92e 
result in animal lethality prior to adulthood, thus their effect on egg development can not 
be assessed. To get around that, we generated mosaic egg chambers with follicle cells 
that are homozygous for a strong or null allele of hop or stat using the FLP-mediated 
mitotic recombination technique (Chou and Perrimon 1992; Duffy et al. 1998). In hop or 
stat mosaic eggs, several phenotypes are observed. The predominant phenotype is the 
production of compound egg chamber with more than 16 germ cells (Fig2-2A arrow). 
The compound egg chamber is likely caused by fusions of adjacent egg chambers instead 
of germ cell over-proliferation since it contains two or more groups of different sized 
nurse cells and correspondingly two or more oocytes (McGregor et al. 2002).  
Also, sometimes, mislocalization of the oocyte can be detected in hop or stat 
mosaic eggs (Fig2-2B and data not shown). In these cases, it is always true that some or 
all of the posterior terminal follicle cells are mutant. Since terminal cells have a function 
in anchoring the oocyte (Godt and Tepass 1998; Gonzalez-Reyes and St Johnston 1998a), 
JAK signaling may have other roles in the terminal follicle cells, one of which will be 
discussed in detail in chapter 3.  
 
Stalk cell/polar cell differentiation is altered in hop mutant ovaries 
In the compound egg chamber caused by hop or stat mutants, there are no 
detectable stalk cells. This raises the possibility that fused egg chambers are caused by 
the improper specification of stalk cells, since defects in stalk cell formation can cause 
egg chamber fusions (Ruohola et al. 1991).  
This turns out to be the case. Reduction in JAK pathway function by a 
combination of weak hop alleles also produces fused egg chambers. Polar and stalk cell 
fates in these hop mutants were analyzed by enhancer trap markers. This investigation 
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showed that the stalk cell population is reduced, while the polar cell population is 
expanded between the fused egg chambers (McGregor et al. 2002). Interestingly, the total 
number of stalk cells and polar cells remains the same as in the wild type. This suggests 
that JAK signaling is not involved in defining polar-stalk cell precursors, but instead, 
plays a role in follicle cell differentiation within the pre-defined precursor pools. Based 
on its opposite effects on the polar cell and stalk cell population, we suggest that there is 
a differential JAK activity within the polar-stalk cell precursor pool, with high JAK 
activity in the pre-stalk cells and low or no JAK activity in the pre-polar cells. This would 
explain the phenotypes in JAK mutant eggs. Consistent with this hypothesis, terminal 
epithelial follicle cells that are homozygous for a null allele of hop are inclined to adopt 
polar cell fates, since sometimes they are able to express polar cell specific markers, 
PZ80 and A101 (Fig 2-2C, D). 
 
Ubiquitous upd expression stimulates stalk cell production 
Since upd is expressed exclusively in the polar follicle cells, ubiquitous 
expression of upd should lead to the inappropriate activation of JAK signaling in other 
follicle cells, assuming that other follicle cells are competent to respond to Upd. The 
consequent phenotypes can be analyzed and the results extrapolated to the normal role of 
JAK signaling in egg chamber development. Since loss of JAK pathway activity results 
in fused egg chambers, which is likely caused by the loss of stalk cell fate (stalk cells 
adopt polar cell fate instead), a rational hypothesis is that ectopic activation of the 
pathway will produce extra stalk cells at the expense of polar cells. To test this 
hypothesis, flies carrying one copy of hs-upd were transferred to 300C for 3~6 days. In 
this way, a dramatic phenotype is produced. The inter-follicular stalks are improperly 
proliferated and form a large "rope-like" structure that runs the entire length of the 
ovariole. This is in contrast to the wild type stalk that contacts only the anterior or 
posterior end of any egg chamber (Fig 2-3). This long rope-like structure contains two or 
more layers of disorganized cells while the normal stalks consist of 5-7 stalk cells 
arranged in a single row. Also, the stalk-like cells in the rope structures do not appear to 
adopt a proper stalk cell fate. Fasciclin III (Fas III) is a marker for the undifferentiated 
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follicular cells. A normal stalk within the vitellarium should not express high levels of 
Fas III, while the rope-like cells are stained strongly with Fas III (Fig2-3D). They are also 
stained strongly with mature stalk cell markers α-spectrin (Fig2-3B) and enhancer trap 
93F (Fig2-3E). The ambiguous results with cell fate markers suggest these stalk cells are 
not fully differentiated.  
To test if the number of polar follicle cells is altered in these hs-upd eggs, a lacZ 
enhancer trap marker A101 for mature polar cells was used. A pair of polar cells either at 
the anterior or posterior is frequently eliminated in the mutant egg chambers, though loss 
of both pairs in one chamber was never found (Fig 2-4). In some cases, the oocyte comes 
to lie at the anterior end of the egg chamber rather than at the posterior (Fig2-4 B,D). 
Because loss or mislocalization of the polar follicle cells can lead to the misorientation of 
the oocyte (Han et al. 2000), both anterior and posterior polar follicle cell fates were 
analyzed in the chambers that show misorientation of the oocyte. Unexpectedly, defects 
in polar cell formation do not seem to contribute to the misorientation of the oocyte. 
Though in some cases the misorientation of oocyte is associated with the loss of posterior 
polar cells (Fig 2-4B), in many other cases, the posterior polar cells are formed normally 
yet the oocyte is mislocalized to the anterior (Fig2-4D; data not shown). This suggests 
that oocyte misorientation defects are caused by other factors in addition to the polar 
follicle cell defects. This may be by affecting other subpopulations of follicle cells, thus 
disrupting the anterior-posterior polarity of the epithelium. Thus, upd misexpression 
causes extra stalk cells and reduction of polar cells, which is largely the reciprocal to the 
phenotypes caused by loss of function mutations. However, upd misexpression can also 
result in fused egg chambers containing more than one oocyte as revealed by anti-orb 
staining for oocyte (McGregor et al. 2002). Moreover, germ cells can also affected. 
Normally, a condensed chromatin morphology is only seen in the nurse cell nuclei befor 
and during stage 4, while it is seen in much older eggs in the mutant (McGregor et al. 
2002). In addition, the total population of long stalk cells and polar cells is much greater 
than the size of the normal precursor pool. Thus, chronic upd misexpression produces 
phenotypes that are not simply the reciprocal to loss of function mutations.  
B 
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Rope-like stalks are caused by upd misexpression in the germarium 
Polar cells and stalk cells are early differentiating follicle cells that are not 
proliferative in the vitellarium. The “Rope-like” stalk phenotype could be caused either 
by stalk cell over proliferation in the vitellarium or by expanded stalk cell precursors in 
the germarium. To distinguish between these two possibilities, females carrying hs-upd 
were transferred to 30°C to induce expression of upd, and ovaries were analyzed 24, 48 
and 72 hr after induction. Normally, development from stage 1 (a chamber that is ready 
to pinch off from the germarium) to stage 5 of an egg chamber takes about 24hrs and 
another 24hrs to stage 8 (Tworoger et al. 1999). There is no obvious stalk defect in the 
vitellarium until two days after the induction, when long stalks begin to appear in the 
early oogenesis prior to stage 5.  On the third day after induction, long stalks can be seen 
in stage 8 eggs (Fig 2-5A-C).  These data suggest that long stalks are the result of upd 
overexpression occurring in the germarium, or that it may take 2-3 days for sufficient 
Upd to accumulate. Consistent with the former hypothesis, long stalks are not 
proliferative in the vitellarium as revealed by antibody staining to PH3, a marker to 
mitotic cells. Normally, PH3 positive cells can be found in the epithelial follicle cells up 
to stage 6, but not in the later stages. Also, all the stalk cells and polar cells are negative 
for PH3 because they are not proliferative in the vitellarium. In the rope-like stalks from 
the mutant ovariole (n=47), no PH3 positive cells were observed (Fig 2-5D-F). All these 
data suggest that long stalks are caused by upd misexpression in the germarium, and 
likely result from expansion of the precursor pool of the stalk cells. There are two ways 
to expand the precursor pool of the stalk cells, either by over-proliferation of stalk cell 
precursors or by recruiting other types of follicle cells into stalk cell precursors. Current 
data do not distinguish between these two possibilities. 
 
Potential genetic interactions between JAK and Hh/Notch signaling pathways 
Several signaling pathways have been implicated in polar cell and stalk cell 
development. Hedgehog (Hh) signaling is required for proper proliferation of the follicle 
cells (Forbes et al. 1996; Tworoger et al. 1999; Zhang and Kalderon 2000; Zhang and 
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Kalderon 2001). Hh, which is strongly expressed in the terminal follicle cells and cap 
cells at the anterior tip of the germarium, is believed to control the proliferation of 
somatic stem cells. Reduced Hedgehog (Hh) signaling activity results in fused egg 
chambers (Forbes et al. 1996; Zhang and Kalderon 2000), similar to those observed in 
hop mutants. Also, ectopic activation of Hh signaling produces extra stalk cells and polar 
cells. Those phenotypes are not identical, but similar to JAK mutations, prompting us to 
test if there is a genetic interaction between these pathways. One pathway could be 
upstream or downstream of the other for stalk cell proliferation and differentiation. To 
test this hypothesis, an enhancer trap marker, patched-lacZ, was used to report Hh 
pathway activity. Normally, patched is only expressed in the follicle cells in the early 
germarium where the Hh pathway is highly activated (Fig 2-6A). Ubiquitous expression 
of hh in the ovariole expands patched-lacZ expression into the vitellarium, including 
stalk cells and epithelial cells (Fig 2-6B). But ubiquitous upd misexpression does not 
affect patched-lacZ expression (Fig 2-6C), and no ectopic patched-lacZ expression is 
found in the rope-like stalks, suggesting that production of rope-like stalks by upd 
misexpression is not through Hh signaling activation. JAK signaling is also not likely to 
act downstream of Hh signaling in producing extra long stalks. Ectopic hh expression 
does not induce upd expression (Fig 2-6E), though this does not rule out the possibility 
that the Hh pathway activates JAK signaling or STAT through other mechanisms.  
The relationship between the JAK and Notch pathways in the follicle cells was 
also investigated. Notch is required for both polar and stalk cell identity (Ruohola et al. 
1991; Xu et al. 1992; Grammont and Irvine 2001) , and ectopic Notch activity produces 
extra polar-stalk precursors (Larkin et al. 1996). To test if Notch activity can be altered 
by changing JAK activity in the follicle cells, I examined the expression of Nintra 
(intracellular domain of Notch), a marker for Notch pathway activation, in the cells that 
are mutant for hop. Binding of ligand to Notch receptor triggers a series of proteolytic 
processing events that results in the release of Nintra from the membrane, which then acts 
in the nucleus as a transcriptional co-activator for its target genes (Mumm and Kopan 
2000). The membrane distribution of Nintra is not affected by loss of hop function (Fig 2-
6). Also, loss of hop function does not affect the transition from mitosis to endocycles. 
However, Notch is required in this process, as evidenced by the continued proliferation of 
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follicle cells mutant for Notch (Deng et al. 2001; Lopez-Schier and St Johnston 2001; 
McGregor et al. 2002). It would be interesting to know if, in the reciprocal experiments, 
JAK activity is altered in Notch mutant cells. But these data suggest Notch may work in 
parallel with the JAK pathway in the determination of polar and stalk cell fates.  
 
Discussion 
 
A specific role of JAK pathway activity in stalk cell and polar cell differentiation 
is suggested here by analysis of phenotypes caused by both gain of function and loss of 
function mutations. Reduced JAK pathway activity results in fusion of adjacent egg 
chambers, which is primarily caused by loss of the stalk cells. These lost stalk cells 
appear to adopt polar cell fate instead. Consistent with this, ubiquitous upd expression 
produces extra stalk cells and sometimes eliminates polar cells. Based on the suggested 
roles of Notch, we propose that Notch activity defines a pool of precursor for both polar 
cells and stalk cells, while differential JAK activity within that precursor pool 
distinguishes stalk cells from polar cells (see Fig 2-7). 
 
A model for polar and stalk cell differentiation 
Polar cells and stalk cells are two special groups of follicle cells that derive from a 
common precursor pool of follicle cells and differentiate early in oogenesis. It is not clear 
how the polar-stalk cell precursor pool is specified to be distinct from the epithelial pool, 
but Notch activity, enhanced by localized Fringe function, appears to be involved in this 
process (Zhao et al. 2000; Grammont and Irvine 2001). 
The specific mechanism that distinguishes stalk and polar cells from each other 
within the precursor pool is not clear. Earlier studies suggest that Notch signaling directs 
this process. Reduction in Notch activity results in extra Fas III positive cells while the 
stalk cells are not specified (Ruohola et al. 1991; Xu et al. 1992). This led to a model that 
Notch promotes stalk cell fate from within the precursor pool. However, more recent 
clonal analysis in the follicle cells shows that Notch is required for the differentiation of 
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both stalk and polar cells (Grammont and Irvine 2001). Other reports demonstrate that 
Notch activity promotes the transition from mitotic cell cycles to endocycles, thus 
making the follicle cells competent to differentiate (Deng et al. 2001; Lopez-Schier and 
St Johnston 2001). All these data suggest that Notch has a permissive role in the 
specification of polar and stalk cells. 
How does the JAK pathway fit into this model? Since loss of JAK activity 
expands polar cells at the expense of the stalk cells, JAK signaling must function within 
the polar/stalk precursor pool. Also, ectopic JAK activation is able to reduce polar cells 
and produce extra stalk cells. Thus, we propose that Notch activity may define a 
precursor pool of polar/stalk cells and induce them to be competent to become either 
polar cells or stalk cells, while JAK activity assigns the stalk cell fate to the competent 
cells (Fig. 2-7). Alternatively, Notch signaling may be solely responsible for the 
assignment of polar cell fate through lateral inhibition, a mechanism to select one cell 
from a group of equivalent precursors. There are many examples for Notch function in 
lateral inhibition. One well-documented example is the selection of neuron cells from the 
progenitor cells in vertebrates or invertebrates (Beatus and Lendahl 1998). According to 
the model, all the progenitor cells initially express the ligand and receptor, and are able to 
signal to each other. But subtle differences in the strength of signaling between cells will 
be amplified and maintained by a feedback loop. As a result, only a limited number of 
cells maintain this signal and this signal will suppress their surrounding cells to adopt 
neuron fate. In the case of selecting polar cells from within the precursor pool, one could 
imagine that at the beginning, all the cells in the polar/stalk cell pool have equal Notch 
activity, but the signal becomes limited to and maintained in the polar cells. Presumably 
once the polar cells are defined by Notch, they are able to express upd to induce their 
neighboring cells to become stalk cells. 
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Fig. 2-1. Expression pattern of upd and stat in the ovariole. Expression pattern is 
revealed either by in situ hybridization using DNA probes (A, C) or by enhancer trap 
lines for upd or stat (B, D). (A) In situ hybridization to upd shows that upd is expressed 
specifically in the polar follicle cells at either end of the egg chamber in the vitellarium. 
In the germarium, it is weakly expressed in a group of follicle cells migrating between 
adjacent germline cysts (arrow). (B) A lacZ enhancer trap line for upd revealed an 
identical expression pattern. (C) In situ hybridization to stat shows that stat is expressed 
highly in the somatic follicle cells in the germarium. In the early vitellarium, high 
expression is present in the termini, in a broader domain than upd. (D) Expression pattern 
of an enhancer trap line for stat: expression is present in all follicle cells but higher in 
polar and stalk cells. For panel B, green is anti-β galactosidase stain and blue is DAPI 
stain for DNA. Magnification in panel D is twice that of other panels. 
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Fig. 2-2. Defects in hopmsv follicle cell mosaic egg chambers. (A, B) Images generated 
from a light microscopy. (C, D) Images generated from a confocal microscopy. hopmsv 
mosaic eggs were generated by a direct mosaic technique. hopmsv homozygous follicle 
cells were revealed either by the absence of blue staining (A1, B1) or by the absence of 
nuclear GFP staining (C2, D2). Fusion of egg chambers is the most commonly observed 
phenotype (A); sometimes, dislocalization of the oocyte (arrow in B) can be seen when 
posterior cells are mutant for hop (B). (C, D) Epithelial cell fate can be altered when hop 
is mutant. Some hop mutant epithelial cells, especially those residing in the terminal 
region (arrowhead in C and D) are sometimes able to ectopically express polar cell 
specific markers A101 (neu-lacZ) (C) and PZ80 (D). 
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Fig. 2-3. upd misexpression produces “rope-like” stalks. α-Spectrin (A) and 93F (E) 
are stalk cell markers while Fasciclin III (C) is a polar follicle cell marker in the 
vitellarium. upd misexpression produces “rope-like” stalks that usually run through the 
entire length of the ovariole and contact only one end of the egg chamber (B, D). Those 
aberrant stalks are stained strongly with both the stalk cell marker α-Spectrin (B), 93F (F) 
and the polar cell marker Fas III (D). Also, these “rope-like” stalks are morphologically 
abnormal, their shapes are irregular and they form two or more layers (arrows in G) while 
normal stalk cells are disc shaped and arranged in a single line. 
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Fig. 2-4. upd misexpression eliminates polar follicle cells. An enhancer trap line A101 
is used as a mature stalk cell marker (A). upd misexpression sometimes eliminates a pair 
of polar follicle cells at either pole of an egg chamber (asterisk in B and D). Sometimes, 
when the posterior follicle cells are eliminated, the oocyte becomes dislocalized at the 
anterior (arrowhead in B). In some cases, surprisingly, even the anterior polar cells are 
eliminated and posterior follicle cells are still present, and the oocyte is mislocalized to 
anterior (arrowhead in D). upd misexpression can  also cause fusions of egg chambers, 
(C) shows a compound egg chamber with two oocytes and a pair of polar cells at the 
either end of the egg chamber. Arrows in B, C and D denote the polar cells. 
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Fig. 2-5. Rope-like stalks are caused by upd misexpression in the germarium. (A-C) 
α-Spectrin as a marker for stalk cell fate. Flies carrying hs-upd were shifted 300C and 
ovaries were dissected and stained at 0hr (A), 24hr (B) and 48hr (C) after the shift. 
Before heat shock induction of upd, there are no rope-like stalks (A, arrowhead shows a 
cluster of outer sheath cells that also stained). Rope-like stalks can be seen around stage2-
5 egg chambers at 24hr, and around stage 8-9 egg chambers at 48hr (arrows), suggesting 
rope-like stalks are caused by upd misexpression in the germarium, but not in the 
vitellarium. Anti PH3 antibody staining marks the mitotic cells. In the ovary, mitotic cells 
are present in the epithelium up to stage 6. Also, since the stalk cells are not proliferative, 
they are normally negative for PH3 staining (arrows in D). In the rope-like stalks caused 
by upd misexpression, there is no PH3 positive cells detected (E, F), indicates that extra 
stalk cells are defined in the germarium. For E and F, Fas III stain is in green, and PH3 
stain is in red. 
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Fig. 2-6. Testing potential genetic interactions between Hh and JAK signaling. 
Patched-lacZ as a marker for Hh signaling activation. In the wild type ovariole, it is 
highly expressed in the germarium (A). hh misexpression induces ectopic patched-lacZ 
expression in the vitellarium, in both stalk cells and epithelial cells (B). upd 
misexpression does not induce ectopic patched-lacZ expression in the vitellarium (C). 
(D-F) in situ hybridization to upd RNA. Normally, upd is expressed only in the polar 
follicle cells (D). hh misexpression does not induce ectopic upd expression (E),  upd 
misexpression indeed induces ectopic upd expression. (G and H) The expression of Nintra 
in Notch264-40 and hopC111 mutant clones. In Notch mutant clones, there is no Nintra 
detected (G). In hop mutant clones, the distribution of Nintra is not dramatically affected 
(the slight reduction is likely caused by the change in morphology of hopC111 cells (H). 
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Fig. 2-7. JAK signaling functions in regulating stalk-polar cell fate decisions. A 
schematic diagram shows the function of JAK signaling and its relationship with Notch 
pathway in regulating polar and stalk cell differentiation in the early oogenesis. Follicle 
cells are derived from 2-3 somatic stem cells reside in the middle region of II in the 
germarium. Prior to the region III of the germarium, a group of follicle cells that migrate 
between adjacent germline cysts (in yellow) adopts a specific lineage as polar-stalk cell 
precursors. As the egg chamber pinches off from the germarium, these specific precursor 
cells will differentiate into two pairs of polar cells (in purple) and 5-7 stalk cells (in 
green). Notch signaling activity first defines the polar-stalk cell precursors. Later, 
differential JAK activity within that precursor pool instructs polar and stalk cell fates. 
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Chapter Three 
 
A gradient of JAK pathway activity patterns the follicular epithelium 
 
 
Introduction 
 
In chapter 2, I described a specific role of JAK signaling in regulating stalk and 
polar cell fates from their precursor pool. In this chapter, the role of JAK signaling in 
epithelial cells will be discussed. As described in chapter 1, there are progressive 
patterning events in this single layer of epithelial follicle cells (Fig. 1-1). Starting from 
the formation of a new egg chamber, the epithelium is pre-patterned into three domains 
before the egg enters stage 6, a main body follicle cell domain flanked by identical 
terminal follicle cell domains on each side. At approximately stage 6, a Gurken signal 
from the oocyte activates EGFR activity and suppresses the anterior terminal follicle cell 
at the posterior (Gonzalez-Reyes et al. 1995; Roth et al. 1995; Gonzalez-Reyes and St 
Johnston 1998b). After stage 8, distinctive subpopulations of anterior terminal follicle 
cells can be distinguished. From anterior to posterior direction, there are border cells, 
stretched cells and centripetal cells. The border cells are 5-8 follicle cells that are in close 
proximity to the anterior polar cells and begin to migrate between the nurse cells toward 
the anterior of the oocyte. Stretched cells are squamous follicle cells that cover the nurse 
cells. Centripetal cells form at stage10, and dive in between the nurse cells and oocyte to 
cover the anterior of the oocyte. Loss of EGFR activity results in the adoption of the 
default anterior terminal cell fate at the posterior, and the posterior terminal cells 
converted to anterior fates of subpopulations at symmetrical positions (Gonzalez-Reyes 
and St Johnston 1998b) (Fig. 1-1C). Thus, EGFR signaling determines the posterior end 
identity, but not the underlying identities of the sub-populations of terminal cells.  
The mechanism for establishing this underlying epithelium patterning along the 
A/P axis is not clear. Previous studies suggest a role of Notch signaling in this process 
(Ruohola et al. 1991). A defect in terminal follicle cell formation is found in reduced 
Notch function eggs (Keller Larkin et al. 1999), suggesting that Notch signaling is 
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required for terminal follicle cell formation. Later, studies with a null allele of Notch 
suggest it is generally required in all the epithelial cells for their differentiation (Deng et 
al. 2001; Lopez-Schier and St Johnston 2001). Thus, Notch has a permissive role for 
differentiation of the epithelial cells, but is not instructive for patterning.  
Since the pre-pattern is a symmetrical mirror image along the anterior and 
posterior axis, a candidate factor would be a signaling molecule from the anterior and 
posterior poles. The fact that Upd is the only known signaling molecule expressed 
specifically in the polar cells at both poles raised a possible role of JAK signaling in 
epithelial pre-patterning. In this study, the role of JAK signaling in epithelial cells is 
investigated. Upd and JAK are required for the adoption of sub-populations of epithelial 
follicle cell fates and ectopic activation of JAK signaling is sufficient to drive epithelial 
cells into a more terminal cell identity. These data suggest that a gradient of JAK 
signaling from the poles triggered by the ligand Upd pre-patterns the follicular 
epithelium. 
 
Results 
 
A gradient of JAK activity from the poles 
unpaired, which encodes a secreted ligand for the JAK signaling pathway, is 
expressed in a pair of polar cells at each end of the egg chambers (Fig. 2-1A). It is known 
that Upd is a secreted ligand, which is associated with the extracellular matrix (Harrison 
et al. 1998). One expectation is that the diffusion of Upd might trigger a gradient of JAK 
activation, with highest levels in the cells that are next to polar cells and lower levels 
toward the center of the egg. To test this idea, an antibody to STAT92E was used to 
visualize STAT protein expression in the ovary. In the germarium, STAT is expressed in 
the cap cells, inner sheath cells, and all other somatic follicle cells (Fig. 4-3). JAK 
activation results in nuclear translocation of STAT protein, therefore the nuclear 
concentration of STAT could be used as a sign for the strength of JAK activity. In the 
vitellarium, nuclear STAT expression is present in all epithelial cells, with higher 
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concentration in the more terminal cells (Fig. 3-1A). The graded distribution of nuclear 
STAT suggests a gradient of JAK activity from the poles.  
There is a possibility that STAT could be activated through other signaling 
pathways. Also, a negative isoform of STAT (N-terminal truncated STAT) was reported 
recently (Henriksen et al. 2002), and the antibody for STAT used here is able to 
recognize both isoforms (raised against C-terminals of STAT92E) (Chen et al. 2002). The 
specificity of the localization of STAT to the nucleus in response to JAK signaling 
activation is addressed. In the hop mutant cells generated by FLP-mediated mitotic 
recombination, there is no detectable nuclear STAT, while higher concentration of 
nuclear STAT is found in the twin spot cells that contain two copies of wild type hop 
(Fig. 3-1C). Also, activation of JAK signaling is sufficient to induce nuclear STAT, since 
clonal expression of upd in the epithelial cells stimulates a high nuclear STAT 
concentration non-cell-autonomously (Fig. 3-1B). Thus, the nuclear concentration of 
STAT 92E is reflective of JAK activity in the epithelial cells. 
In addition, analysis with an enhancer trap line for domeless, which encodes a 
receptor for the JAK/STAT pathway (Brown et al. 2001; Chen et al. 2002), reveals that 
domeless is also expressed in a gradient from the poles (Fig. 3-1D). The domeless 
enhancer trap seems likely to reflect JAK gradient activity since domeless expression is 
up-regulated in the clones that are misexpressing hop, while its expression is down-
regulated in the clones of statj6c8 cells (Fig. 3-1E, F). This is consistent with the 
observation that domeless is responsive to JAK activation in embryogenesis (Chen et al. 
2002). These data suggest that a canonical Upd/Hop signaling pathway is solely 
responsible for STAT activation in the terminal epithelial cells. 
 
JAK signaling is required for proper differentiation of epithelial cells 
To understand the potential role of JAK signaling in the follicular epithelium, we 
generated hop mutant mosaic eggs using FLP mediated mitotic recombination (Chou and 
Perrimon 1992), and used antibody against Fasciclin III (Fas III) as a marker to detect 
differentiation in the mutant cells (Ruohola et al. 1991). In the wild type ovariole, Fas III 
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is expressed strongly in the somatic cells of the germarium. As the egg chamber pinches 
off from the germarium, Fas III expression is largely decreased in all the follicle cells 
except in a pair of polar cells at the poles (Fig. 3-2A). Interestingly, in hop mosaic eggs at 
stages 2~7, there is increased staining of Fas III in hop mutant cells until at stage 10, 
when there is no obvious ectopic Fas III staining (Fig. 3-2B-E). Similar phenotypes is 
found in stat loss of function mosaic eggs (McGregor et al. 2002). The increased staining 
of an immature follicle cell marker suggests that there is a delay in cell differentiation in 
JAK mutant cells. In some cases, only a portion of mutant cells that are immediately 
adjacent to the wild type retain high Fas III expression, and sometimes high Fas III 
expression is observed in mutant cells at even later stages (data not shown). In the latter 
case, the mutant cells are probably transformed to a polar cell fate since they express 
mature polar cell markers, A101 and PZ80 (Fig. 2-2).  These results show that JAK 
signaling is required in somatic epithelial cells. Since it is known that there is 
communication between the somatic epithelial cells and the germline cells, and these 
interactions are crucial for proper development of the egg, we asked if JAK signaling is 
also required in the germline cells. Germline clones that are homozygous for a null allele 
of hop were generated, and no obvious defect in their development toward mature eggs 
was observed (Fig. 3-2F). Thus, we conclude that JAK signaling is solely required in the 
somatic follicle cells for their differentiation.  
 
JAK signaling is required and sufficient for the suppression of main-body follicle 
cell fates at termini 
During stages 2-5 of egg development, the epithelium is pre-patterned into three 
domains, two identical terminal follicle cell domains and a main body follicle cell domain 
in between (Fig. 1-1). Since there is a gradient of JAK activity at the termini of the 
epithelium, and JAK activity is required for proper differentiation of the epithelial follicle 
cells, one rational hypothesis is that JAK signaling is involved in the epithelial pre-
patterning. To test this hypothesis, I asked if follicle cell domain identities are affected in 
JAK mutant cells. In the wild type, a lacZ enhancer trap marker for mirror expresses 
strongly and specifically in dorsal follicle cells after stage 9, but is specifically expressed 
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in follicle cells at the middle region with a gradient of weaker expression between stages 
3-8 at the edges (Fig. 3-2A) (Jordan et al. 2000). Since its staining pattern at early stages 
represents main body (middle region) follicle cells, we used this marker to see if there is 
a change in cell fate in JAK mutant cells at stages 3~8. Interestingly, there is a dramatic 
increase of mirror-lacZ expression in JAK mutant cells (Fig. 3-2B,C) whether the mutant 
clone is localized in the terminal domain or in the main body domain. This suggests that 
JAK activity is low in the main body follicle cells and high in the terminal follicle cells. 
This shows that high JAK activity is required at the termini to suppress the main body 
follicle cell fate.  
JAK activation is not only required, but is also sufficient to suppress main body 
follicle cell fate. Randomly positioned ectopic expression clones of upd or hop were 
generated using the FLP-OUT cassette technique (Struhl and Basler 1993; Neufeld et al. 
1998, see Methods). In clones expressing hop, the main-body cell marker was repressed 
in a cell-autonomous manner (Fig. 3-2E). In clones expressing upd, the marker is 
repressed in a non cell-autonomous manner, with graded repression from the expressing 
cells toward distant cells (Fig. 3-2D). This is consistent with Upd being a secreted protein 
that may diffuse some distance from the producing cells. These data suggest that main-
body fate is the default, and that high JAK activity suppresses the main-body cell fate at 
termini. A gradient of JAK activity could also generate a three domain pre-pattern of the 
follicular epithelium along the anterior-posterior axis. 
 
JAK signaling is required for the determination of specific terminal follicle cell fates 
Since JAK signaling is required at the termini to suppress main-body follicle cell 
fate, one deduction from this is that JAK signaling is also required for the specific 
determination of the various terminal follicle cell populations. To test this hypothesis, 
several previously reported enhancer trap markers were used to mark anterior and 
posterior terminal follicle cell fates (Roth et al. 1995; Twombly et al. 1996; Gonzalez-
Reyes and St Johnston 1998b). Expression of these specific cell fate markers in  terminal 
cells that are depleted of JAK was analyzed. To confirm that loss of cell fate markers 
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reflects a change of cell fate identity, the morphology and function of these cells were 
also analyzed.  
The enhancer trap marker 5A7 (Gonzalez-Reyes and St Johnston 1998b) 
specifically stains border cells, a cluster of 5-8 follicle cells adjacent to the most anterior 
terminal follicle cells. These cells migrate to a position at the anterior of the oocyte 
during stages 8-10. Cells that belong to anterior border cell population and are mutant for 
hop failed to express the border cell marker 5A7. These cells were also defective in 
migration. Normally, border cells complete their migration by stage 10. Clones of cells 
that were homozygous for hopC111, as shown in Fig. 3-4B, were only midway through 
their migration. These data show that JAK is required for the determination of border cell 
fate. These results are consistent with the work done by others (Silver and Montell 2001; 
Beccari et al. 2002). Interestingly, to some extent, the hop mutant “border cells” are still 
able to migrate. It suggests that JAK is not solely required for border cell migration. 
The enhancer trap markers MA33 and dpp-lacZ (Gonzalez-Reyes and St Johnston 
1998b) were used to mark stretched follicle cells (dpp-lacZ also stains the centripetal 
follicle cells). Stretched follicle cells change their morphology from columnar-like to 
stretched-squamous during stages 7-10 when anterior follicle cells move posteriorly to 
cover the fast growing oocyte. hop mutant cells from the anterior stretched cell 
population failed to express the stretched cell markers (Fig. 3-4D and data not shown). 
They also did not have proper morphology. They were stacked closely together instead of 
stretched out (Fig. 3-4D). These data show that JAK is required for the determination of 
stretched follicle cell fate.  
The requirement of JAK for the centripetal cell fate was also tested. Interestingly, 
although at least fifty of stage 10 egg chambers that contain randomly positioned clones 
of hopC111 were examined, no clone for centripetal cells was found (data not shown). This 
observation also suggests that JAK is required for the centripetal cell fate, and if cells that 
are supposed to become centripetal cells are mutant for hop, they will not be able to adopt 
this fate and will not dive in between nurse cells and oocyte. 
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JAK is also required at the posterior for the determination of posterior terminal 
cells. Normally, an enhancer trap marker pointed-lacZ (pnt-lacZ) specifically stains the 
posterior terminal cells with a gradient expanding from the pole. If the follicle cells in the 
posterior terminus are mutant for hop, this posterior terminal cell marker is eliminated 
(Fig. 3-5). Also these hop mutant terminal cells do not function properly. Posterior 
terminal cells are defined at stage 6 when they receive a Gurken signal from the oocyte. 
Later during stages 6-8, posterior terminal cells send an unknown signal back to the 
oocyte to trigger a microtubule dependent cytoskeletal rearrangement (Fig. 1-3). This 
process is crucial for the proper localization of maternal determinants, such as Staufen. 
Normally, Staufen is localized at the apical surface of the posterior terminal cells (Fig. 3-
5C). In mutants that affect posterior terminal cell identity or affect the communication of 
the posterior cell with the oocyte, Staufen is frequently mislocalized (Deng and Ruohola-
Baker 2000). To test if JAK is also required in the posterior terminal cells for the 
localization of Staufen, a weak allele of hop, hopmsv was used to make clones. In posterior 
terminal cell clones for the stronger hopC111 allele could not be recovered (data not 
shown). In posterior terminal cells that were homozygous for hopmsv, Staufen was not 
localized to the posterior pole but instead was dispersed in the central region of the 
oocyte (Fig. 3-5D). Interestingly, JAK was required for Staufen localization in a cell 
autonomous manner. If only some of the posterior terminal cells were mutant for hop, 
Staufen cannot be localized to the apical region of these cells, but still be able to be 
localized to the adjacent wild type terminal cells (Fig.3-5E).  
Thus, in the anterior and posterior terminal cells that are mutant for hop, not only 
are their specific molecular markers eliminated. Their functions are also impaired. These 
data demonstrate that JAK is required for the determination of terminal cell fates at both 
ends of the egg. 
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Ectopic activation of JAK signaling transforms epithelial cells to a more terminal 
identity 
If it is true that levels of JAK pathway activity are instructive for cell fate 
determination, subpopulations of terminal cell fates could be changed by altering JAK 
pathway activity. More specifically, the follicle cells that are distant from the poles may 
adopt more terminal cell fates if the JAK pathway is ectopically activated in these cells. 
To test this hypothesis, ectopic expression clones of upd or hop were generated, and cell 
fates were analyzed using makers for specific sub-populations of terminal cells as shown 
earlier. The results are consistent with the hypothesis that: in general, activation of JAK 
pathway in the follicle cells transforms these cells into more terminal cell fates. If the 
misexpressing clone resides in the anterior terminal domain in the stretched or centripetal 
population, almost all the cells in the clones adopt border cell fates, as revealed by 
induction of the border cell marker (5A7) and elimination of the centripetal cell marker 
(BB127) (Fig. 3-7B,C and E). This is also consistent with a recently reported role for JAK 
signaling in the recruitment of border cell fate (Silver and Montell 2001; Beccari et al. 
2002). If the misexpressing clone resides in the main body domain, the centripetal cell 
marker BB127 was induced in those cells (Fig. 3-7F), suggesting they have adopted 
centripetal cell fates rather than main body cell fates. If the misexpressing clones reside 
near the posterior, anterior terminal cell markers were not induced (Fig. 3-7F and data not 
shown). Instead, the posterior terminal cell marker pnt-lacZ was highly induced in those 
clones (Fig. 3-8A and B). Interestingly, although JAK is required for the posterior 
localization of Staufen protein, ectopic JAK activation at the posterior is not sufficient to 
ectopically localize Staufen (data not shown). This suggests that other factors are 
involved in anchoring Staufen to the posterior terminal.  
The data described above also show that the cell fate alteration effect caused by 
clonal upd or hop misexpression has domain restrictions. For example, border cell 
markers cannot be induced at the posterior. This is presumably due to the dominance of 
EGFR activity at the posterior that suppresses all anterior markers. But why can the 
border cell markers not be induced in main body follicle cells? There are two possibilities 
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to explain this effect. First, there could be some technical anomaly. The level of JAK 
activity in any cells equals endogenous JAK activity plus ectopic JAK activity with 
endogenous JAK obviously being highest at the poles. Thus, the overall JAK activity in 
the main body cells reaches the threshold to instruct centripetal cell fate, but not border 
cell fate. Alternatively, other unknown factors (such as upd-like genes) may also be 
involved in inducing highest JAK activity. Genomic analysis reveals that there are two 
more genes for putative ligands in Drosophila, CG5963 and CG5988. In situ 
hybridization experiments showed that CG5988 is expressed in a similar pattern as upd in 
the embryo, while CG5963 is expressed like upd in the ovary (data not shown). It is 
possible that Upd and Upd-like proteins may form heterodimers that interact with the 
receptor to induce the highest potential JAK activity. 
In all misexpressing clones, the effect of hop expression is cell-autonomous while 
the effect of upd expression is non-cell-autonomous (Fig. 3-7C, F and Fig 3-8B). This is 
consistent with the fact that Upd is a secreted protein that is associated with extracellular 
matrix (Harrison et al. 1998). This also suggests that Upd, which is normally expressed in 
the polar cells, may be able to diffuse toward the center of the egg chamber. 
There are two mechanisms for a signal molecule to define cell fates over a 
distance (Fig3-10A). First, it may act directly on the distant cells. Alternatively, a “signal 
relay” could be used. In this way, secondary signals are required to pass the original 
signal to a distant cell through its neighboring cells. The mechanism for Upd to function 
over a distance is under investigation. As shown before, if in hop mutant clones located at 
the posterior, where pnt-lacZ expression is eliminated, wild type cells are still able to 
express pnt-lacZ at normal levels, even when the clone of mutant cells is located between 
them and the polar cells (Fig. 3-10B). This result suggests that wild type cells are directly 
influenced by the Upd signal from the polar cells rather than through a secondary signal 
relay. 
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Both JAK and EGFR activities define posterior follicle cell identity 
Loss of EGFR in posterior follicle cells results in their adoption of underlying 
anterior terminal cell fates (Gonzalez-Reyes and St Johnston 1998b). Thus, both EGFR 
and JAK activity are required for the determination of posterior terminal follicle cells. 
Also, both activities are conditionally sufficient to induce posterior terminal cells. 
Ectopic activation of EGFR only in the epithelial cells induces ectopic posterior terminal 
cell fate at the anterior terminus where JAK activity is also high (Keller Larkin et al. 
1999) (Fig. 3-8C). On the other hand, ectopic activation of the JAK pathway in the 
epithelium also induces the posterior terminal cell marker pnt-lacZ in terminal cells 
located near the posterior where EGFR is also active (Fig. 3-8A, B). These data suggest 
that cooperation between JAK and EGFR activity defines posterior terminal cell fates. To 
further test this hypothesis, follicle cell clones expressing both λ-top, a constitutively 
active form of EGFR, and upd were generated. Expression of λ-top alone in the epithelial 
cells induced anterior terminal cells to express pnt-lacZ, but it did not induce pnt-lacZ 
expression in the main body follicle cells (Fig. 3-8C). Expression of both λ-top and upd 
in the epithelial cells induced pnt-lacZ expression in all expressing cells (Fig. 3-8D), 
demonstrating that activation of both pathways is sufficient to define the posterior 
terminal cell identity. Thus, coordinated EGFR and JAK signaling activities are both 
necessary and sufficient for posterior terminal cell determination. 
 
Graded JAK activity establishes the distribution of follicular fates 
The clonal analysis data discribed above are consistent with a model for graded 
JAK activity determing subpopulations of follicle cell fates along the anterior-posterior 
axis. If this is true, an overall reduction of upd or hop activity should result in an 
expansion of the main body domain at the expense of terminal domains, while the 
population of most terminal cells may be reduced or eliminated. To test this hypothesis, 
egg chambers from loss of function upd mutants were examined for the distribution of 
subpopulations of follicle cells along the anterior-posterior axis. A heterozygous 
combination of updsiscG20, a weak allele, and updYM55, a null allele, produced egg 
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chambers with fewer anterior border cells and posterior terminal cells, as revealed by 
enhancer trap markers (Fig. 3-6). In the wild type egg, there are about five border cells on 
average, but in the upd mutant egg, the number of border cells is reduced to two. Also, 
border cell migration is defective in all of stage 10 egg chambers examined (n=35). In 
wild type eggs, the width of cells expressing graded levels of pnt-lacZ is about 8-cell 
diameters from the pole. In upd mutants, the width was reduced to about 4-cell diameters 
from the pole, even though the graded nature of the expression was maintained. The 
numbers of cells for other follicular sub-populations, including stretched follicle cells and 
centripetal follicle cells, were roughly the same in the wild type and upd mutant eggs 
(data not shown). Interestingly, stretched cell specific markers MA33 or dpp-lacZ were 
found to be expressed in the defective migrating border cells in upd mutant eggs (Fig. 3-
6B). This suggests that the border cells that are able to form in the upd muants are not 
normal.  
More convincingly, a combination of two weak hop alleles (hopmsv and hopm4) 
results in a more dramatic effect on the domain distribution. In this egg chamber, the 
border cells were completely eliminated, and the number of cells adopting stretched cell 
fate was reduced, the centripetal cell population was only slightly affected, the posterior 
terminal cell population was reduced, while the main body follicle cell domain was 
expanded symmetrically (Xi et al. 2003)(Fig. 3-9 work done by Jennifer McGregor). This 
is exactly what would be expected if the fates are determined by graded JAK activity that 
is highest at the termini.  
 
Discussion 
 
In the development of the egg chamber, the epithelium is pre-patterned into a 
symmetrical mirror image before the establishment of A/P polarity by EGFR activation at 
the posterior, the mechanism for establishing this pre-pattern has not been clear. Here, I 
described a central role of JAK signaling in this process. Upd, which is expressed 
specifically in both anterior and posterior polar cells, triggers a gradient of JAK 
activation in the epithelium, with different levels of JAK activity instructing the adoption 
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of specific anterior terminal follicle cell fates. At the posterior, JAK signaling 
collaborating with EGFR activity to define the posterior terminal cell fate.  
 
JAK is activated in a gradient 
Our data show that JAK signaling patterns the A/P axis of the epithelium, and that 
different levels of JAK activity are crucial for determinating sub-populations of terminal 
follicle cell fates. Several lines of evidence support the idea that there is a gradient of 
JAK activity in the termini of the epithelium. First, a gradient of nuclear STAT protein, 
which is a reflection of the pathway activation that is highest at the poles in wild type egg 
chambers. Second, a gradient of domeless expression, which also responsive to JAK 
activity is also observed from the poles.  Third, the posterior terminal follicle cell marker, 
pointed-lacZ, which is responsive to JAK activity, is expressed in a gradient from the 
poles. Lastly, the main body follicle cell marker, mirr-lacZ, which is expressed in 
response to loss of JAK activity, is also expressed as a gradient in the main body region 
adjacent to the terminal cell domains. These endogenous reporter expression patterns 
suggest a graded activity of some factor that regulates their expression. This factor is 
likely to be JAK signaling. 
In addition, a gradient of JAK activation is also suggested by the upd 
misexpression clone experiments. A graded response was observed expanding from the 
misexpressing cells. For example, at the posterior, pnt-lacZ expression can be induced in 
upd expressing cells and their neighboring cells, with higher levels of induction in the 
cells that are close to the expressing cell and lower levels of induction in the more distant 
cells. It also suggests that Upd, which is expressed in the polar cells, triggers the gradient 
of JAK activity at the termini. Mosaic analysis suggests that JAK is required throughout 
the epithelial cells for their proper differentiation, even in main-body follicle cells, since 
both Fas III and mirr-lacZ can be up-regulated in hop mutant cells. It suggests that the 
secreted ligand Upd, which is expressed specifically in the poles, is able to travel a long 
distance.  
 
 36 
 
 
A model for anterior-posterior follicular patterning 
Epithelial patterning is a progressive and complex process involving integration 
of several different signaling pathways. Based on the central role of JAK signaling 
revealed here, we propose an integrated model for anterior-posterior patterning of the 
follicular epithelium (Fig 3-11). Upd, which is expressed in the polar follicle cells at each 
pole of the egg chamber, provides a localized source for JAK activation in the epithelium 
from very early stages of development. The resulting JAK activation gradient at the 
termini of the epithelium pre-patterns the epithelium into a symmetrical mirror image 
along the anterior-posterior axis, with identical anterior terminal cell fates at each 
terminus. This gradient of JAK activity also pre-determines sub-populations of terminal 
follicle cells, including border cells, stretched cells and centripetal cells. This 
symmetrical pre-patterning of the epithelium has been described previously (Gonzalez-
Reyes and St Johnston 1998b; Keller Larkin et al. 1999). Later at about stage 6, Gurken 
signaling from the oocyte activates EGFR in the adjacent follicle cells at the posterior and 
cooperates with JAK activity to define the posterior terminal cell fates. Although terminal 
cell fates are pre-determined by stage 6, they are not allowed to differentiate without 
Notch activity. At stage 6-7, a pulse of Delta signal from the germline cells activates 
Notch signaling in the epithelial cells. The resulting Notch activation transfers the follicle 
cells from mitotic divisions to endocycles and allows the follicle cells to differentiate into 
their determined follicle cell fates (Deng et al. 2001; Lopez-Schier and St Johnston 
2001). Markers for subpopulations of anterior terminal cell fates begin to be expressed at 
stage 9, and also, these sub-populations of terminal cells begin to show their distinctive 
morphologies and movements until the egg is mature. Thus, the sequential and integrated 
functions of JAK, Notch and EGFR signaling pathways pattern the epithelium along the 
anterior-posterior axis. 
 
Is Upd a morphogen?  
Morphogens are long-range effectors that are expressed locally, but are able to 
determine the location, differentiation or fates of their surrounding cells. They are utilized 
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to play many central roles in the development of a variety of tissues. So far, only a few 
proteins have been identified to be morphogens. Interestingly, most of these morphogens 
have retained their function throughout evolution. For example, in both vertebrates and 
invertebrates, signaling molecules including Hedgehog, Wnt, and TGF-β families are 
widely regarded as morphogens (Gurdon and Bourillot 2001). Based on the data 
presented above, we suggest here that Upd may act as a morphogen in the patterning of 
the follicle epithelium along the anterior-posterior axis. Upd, the only known ligand for 
JAK-STAT pathway in Drosophila, does not share sequence similarities with any know 
vertebrate proteins, while other components of the pathway are conserved significantly. 
Thus, Upd might be an unusual example of a morphogen that has been diverged rapidly 
through evolution. 
 
 Several criteria need to be satisfied to establish function as a morphogen (Gurdon 
and Bourillot 2001). First, it must be a secreted molecule that is expressed from a 
localized source. Second, it forms a concentration gradient expanding from the source. 
Third, it acts directly on the distant cells. Fourth, its concentration is instructive for at 
least two different responses in addition to the default. Upd is known to be a secreted 
protein that is expressed specifically in the polar follicle cells in the vitellarium. It acts 
directly on the distant cells; because clonal analysis shows that it directly controls graded 
pnt-lacZ expression, not by inducing a signal relay. Also, it controls border cells, 
stretched cells and centripetal cell fates in addition to the default main body cell fate. 
Thus, although we do not have direct evidence to show Upd forms a concentration 
gradient, Upd seems to fit all the other criteria for a morphogen. Thus, in the follicular 
epithelium, the JAK signaling pathway appears to have all the characteristics of a system 
to transduce a morphogen signal. Interestingly, this is the first evidence to indicate a 
morphogenic function by the JAK pathway in any organism. 
 
A localized role of JAK pathway in microtubule organization  
We showed that JAK is required for the posterior terminal cell identity and if the 
posterior terminal cells are homozygous for hopmsv, they will not be able to retain the 
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Staufen protein. Interestingly, in these egg chambers, the oocyte nucleus migration is still 
normal. It is believed that after stage 6 when the posterior terminal cells are defined, the 
posterior terminal cells send an unknown signal back to the oocyte to trigger cytoskeleton 
reorganization and microtubule-dependent migration of the oocyte nucleus from the 
posterior end to the dorsal anterior cortex. Thus, in mutations that affect posterior 
terminal cell identity, the oocyte nucleus migration defect is frequently detected (Roth et 
al. 1995). But it is not the case in JAK mutants. One possible explanation is that the 
hopmsv allele is not a strong allele (cells that are mutant for a null allele of hop, hopC111 at 
the posterior always cause mislocalization of the oocyte to the anterior, data not shown). 
Another explanation is that global cytoskeletal reorganization is triggered by a signal 
separate from that which is required for local cytoskeletal organization to make the 
posterior cortex competent to retain Staufen, etc.  Consistent with this hypothesis, there 
are several mutations reported that only affect localization of maternal determinants at the 
posterior, but not at the anterior, and do not affect migration of the oocyte nucleus (Deng 
and Ruohola-Baker 2000; Cox et al. 2001; van Eeden et al. 2001; Dollar et al. 2002).  
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Fig. 3-1. A gradient of JAK activation at the termini of the epithelium. (A) In the 
follicular epithelium, nuclear STAT forms a gradient expanding from the poles. (B) 
Clonal misexpression of upd induces nuclear localization of STAT non cell-
autonomously. (C) In clones of cells that are homozygous for hopC111 (upper outlined 
cluster), STAT expression is eliminated in the nucleus, while there is increased nuclear 
STAT expression in the twin spot (cells that have two wild type copies of hop, lower 
outlined cluster). (D) A lacZ enhancer trap for domeless, dome367, reveals its expression 
pattern in the ovariole (red). At anterior of a stage 9 egg chamber, it is expressed strongly 
in the polar and border cells, and its expression is decreased in the stretched cells. The 
graded expression pattern at posterior is easy to see.  (E) hop misexpression induces 
domeless expression in the epithelial cells. Cells (GFP in green) that are expressing hop 
also have increased domeless expression (in red).  (F) domeless expression is decreased in 
statj6c8 clones (lacking green GFP stain).  
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Fig 3-2. JAK is required in somatic epithelial cells for their differentiation. Fas III 
expression was used as a marker for immature follicle cells and polar cells (A). hopC111 
clones were generated by synchronous induction of mitotic recombination, and the clones 
were visualized by the absence of nuclear GFP (B-F). There is a dramatic increase in Fas 
III expression in the hop mutant cells at early stages of egg chamber development (B-C), 
but the increase is weakened at later stages, and is close to normal at stage 10 (D-E). This 
suggests that cell differentiation is delayed in hop mutant follicle cells. In germline clones 
for hopC111(marked by arrows), the egg chamber develops normally (F). For somatic 
clones, ovaries were collected 3-5 day after induction. For germline clones, ovariole were 
collected 6-12 day after induction. 
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Fig. 3-3. JAK pre-patterns the epithelium into three domains. (A) A LacZ enhancer 
trap for mirror (mirr-lacZ) marks the main body follicle cells. Note the graded expression 
at the edges between the terminal cells. (B, C) In the follicle cells that are homozygous 
for hopC111 (absence of nGFP), the mirr-lacZ expression is dramatically up-regulated. 
Clonal misexpression of upd (D) or hop (E) suppresses mirr-lacZ expression in the main 
body follicle cells. Note the suppression by hop is cell-autonomous while suppression by 
upd is non cell-autonomous. 
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Fig. 3-4. JAK is required for anterior terminal cell identity. Enhancer trap lines 5A7 
(A, B) and dpp-lacZ (C, D) are used to mark border cell and stretched/centripetal cell 
fates. (A) A wild type egg chamber at stage 10 shows the border cells have reached the 
anterior of the oocyte. (B) If the follicle cells that are in the border cell population and are 
homozygous for hopC111 (absence of nGFP and visualized by DAPI, arrow in the inset), 
5A7 expression is eliminated. Also, they are defective in migration. (C) A wild type egg 
chamber at stage 10 shows the stretched and centripetal cells. (D) If the follicle cells that 
are in the stretched cell population and are homozygous for hopC111 (absence of nGFP 
and visualized by DAPI, outlined cluster), dpp-lacZ expression is eliminated. Also, the 
mutant cells are clustered together instead of stretching out (see DAPI stain and compare 
with the wild type stretched cells). 
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Fig. 3-5. JAK is required for posterior terminal cell identity. (A) An enhancer trap for 
pointed (pnt-lacZ) marks posterior terminal cells. (B) In the cells that are homozygous for 
hopmsv (absence of nGFP), pnt-lacZ expression is eliminated. (C) Staufen, a maternal 
determinant, is normally localized at the apical surface adjacent to the posterior terminal 
cells in a stage-10 egg chamber. (D) If all the posterior terminal cells (except the 
posterior polar cells, asterisks) are homozygous for hopmsv, Staufen is no longer localized 
at the posterior terminus and is dispersed in the central region of the oocyte. (E) JAK is 
required cell-autonomously in the posterior terminal cells for the localization of Staufen. 
If part of the posterior terminal cells is homozygous for hopmsv, Staufen cannot be 
localized to the apical surface of these hop mutant cells, but is still localized to the 
adjacent wild type posterior terminal cells (asterisk denotes the position of the posterior 
polar cells). 
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Fig. 3-6. Upd is required for terminal cell identity. Terminal follicle cell fates were 
examined in egg chambers that are heterozygous for updsiscG20 and updYM55. The total 
number of border cells (5A7 positive) is reduced to about two as compared to five in wild 
type (A and D). Also, they are defective in migration (A). In the mutant egg, the border 
cells are frequently found to express a stretched cell specific marker MA33 (B, arrow). 
The posterior cell population is also reduced in upd mutant egg (C and D). The posterior 
terminal cell population is calculated as the number of cell diameter (pnt-lacZ positive) 
expanding from the pole. 
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Fig. 3-7. JAK activation is sufficient to induce more terminal follicle cell fates at the 
anterior. Misexpressing clones of upd (C, E and F) or hop (B) were visualized by green 
GFP. Border cells are visualized by 5A7 marker (red in A-C) and centripetal cells 
visualized by BB127 marker (red in D-F). Misexpressing upd or hop induces extra border 
cells at anterior (B and C). If the misexpressing cells are in the centripetal cell population, 
BB127 expression is eliminated in those cells (E), presumably, they adopt border cell fate 
instead. If misexpressing clone resides in the main body follicle cell domain, BB127 
expression can be induced in those cells (F).  
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Fig. 3-8. JAK and EGFR activities cooperate to define posterior identity.  
Misexpressing clones were visualized by green GFP, and the posterior terminal marker 
pnt-lacZ was in red. (A) Misexpressing hop in the epithelial cells induces cell-
autonomous pnt-lacZ expression at the posterior, but not at the anterior or central regions. 
(B) upd misexpression induces pnt-lacZ expression non-autonomously at posterior. (C) 
Misexpression of λ-top, a constitutively active form of EGFR, induces ectopic pnt-lacZ 
expression at anterior terminal, but not in the main body follicle cells. (D) Misexpression 
of both λ-top and upd induces ectopic pnt-lacZ expression in all expressing cells, 
including the central follicle cells. 
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Fig. 3-9.  Graded levels of JAK activation direct all epithelial follicular fates.  Using 
specific markers, the distributions of epithelial cell fates were determined in wild type 
and weak hop mutant (hopmsv/hopM4) eggs (A-E).  The wild-type distribution was 
normalized to 100% for each fate, and compared with that for the mutants (n>10 for 
each).  Error bars indicate standard error.  The resulting difference in distributions is 
shown schematically in F. 
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Fig. 3-10. A direct role for Upd function in epithelial patterning. (A) Two alternative 
models for Upd function in the determination of sub-populations of terminal cell fates. In 
a morphogen model, Upd directly determines sub-populations of terminal cell fates based 
its concentration. In a signal relay model, Upd directly determines the most terminal cell 
fate, border cell fate, but indirectly determines other terminal cell fates. (B) In the 
posterior terminal cells that were mutant for hop (visualized by the absence of GFP), 
posterior terminal cell marker pnt-lacZ (in red) was eliminated. However, all the wild 
type terminal cells were still able to express pnt-lacZ, even the wild type cells localized 
anterior to the mutant cells (arrows) (10 cell-diameter away from the posterior pole). 
Also, the levels of pnt-lacZ expression in these cells were similar to that of the wild type 
cells (slash) that were 10 cell-diameter away from the posterior pole (astarisk).  
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Fig. 3-11. A model for A/P epithelium patterning. A schematic diagram of ovariole 
shows the progressive patterning of the follicular epithelium in the developing egg 
chamber. Polar cells (purple) and stalk cells (green) differentiate early in the vitellarium. 
Before stage 6, the epithelium is pre-patterned by a gradient of JAK activity (black 
gradient) into three domains with a symmetrical image along the A/P axis (terminal 
domains in light purple; main body domain in white). Different levels of JAK activity are 
instructive to pre-determine sub-populations of terminal cell fates, including border cells 
(red), stretched cells (pink) and centripetal cells (yellow). The symmetry is broken at 
stage 6, when Gurken from the oocyte nucleus activates EGFR signaling (yellow 
gradient) and suppresses the default anterior terminal cell fate at posterior (blue). Later, a 
pulse of Notch activation in the epithelial cells allows cell to differentiate, and 
subpopulations of the anterior terminal cells are progressively differentiated with 
distinctive morphologies and movements. 
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Chapter Four 
 
Construction and in vivo analysis of a STAT activation reporter 
 
 
 
 
Introduction 
 
A STAT activation reporter, which presumably reflects JAK-STAT pathway 
activity in vivo, would be a useful tool to facilitate many studies. It can help in the 
detection of potential roles of the JAK-STAT pathway in various tissue and organ 
development based on its expression pattern. Also, it can be used for genetic screens to 
identify other components and regulators of the JAK-STAT pathway. 
What are the potential reporters? First, JAK pathway activation is accompanied 
by a series of phosphorylation events, including tyrosine phosphorylation of JAK and 
STAT. Thus, JAK pathway activity can be reflected by the phosphorylation status of JAK 
or STAT. Their phosphorylation status in tissues and cultured cells can be detected by 
combining immune precipitation and Western blot methods. However, since phospho-
specific antibodies against either Hop or STAT92E are not available, a direct analysis of 
JAK activation in various tissues and cell types becomes difficult. 
Second, an in vivo reporter can be constructed using enhancer regions of known 
target genes of the JAK–STAT pathway. As a transcription factor, STAT shares 
conserved recognition sites in the enhancer regions of target genes. The consensus STAT 
binding site is also conserved in Drosophila. As mentioned in Chapter 1, mutation in the 
JAK pathway results in embryonic lethality with severe segmentation defects. These 
defects can be explained by defects in the expression of pair-rule genes. For example, the 
expression of even-skipped (eve) is variably reduced in stripe 3 in JAK mutant embryo. 
The enhancer region of the JAK signaling target gene eve has been extensively studied. 
The enhancer elements responsible for the control of the third stripe of eve expression 
have been mapped to a 500bp element upstream of the eve transcriptional start site (Small 
et al. 1996). A reporter construct carrying this enhancer region, fused to the lacZ gene 
drives expression of lacZ in the second, third and seventh stripes of eve. Removal of 
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maternal activity of either hop or stat or zygotic upd causes the specific loss of the third 
stripe, without affecting the second or seventh stripes (Hou et al. 1996; Yan et al. 1996; 
Harrison et al. 1998). It has been shown that this region contains two sequences 
('TTCnnnGAA") that are closely relate to the GAS sequence for mammalian Stats. 
Activated STATs can bind to these sites in vitro and in vivo and drive reporter gene 
expression in cultured S2 cells. When these sites are mutated, the 500bp fragment fails to  
drive expression of eve (Yan et al. 1996). However the 500bp fragment also contains 
many other binding sites for the repressor proteins Hb and Kni required to define the two-
stripe pattern (Small et al. 1996), making it not an ideal reporter to detect JAK activation 
in many other tissue development.  
JAK-STAT signaling also has a role in the sexual identity in Drosophila (Jinks et 
al. 2000; Sefton et al. 2000). The master switch gene Sex-lethal (Sxl) is a potential target 
gene for JAK signaling. On the establishment promoter (Pe) of Sxl, there are several Stat 
binding sites within a 72 bp fragment that is crucial for promoter activity. By 
multimerizing the 72 bp fragment, a gain of function (GOF) promoter, Sxl-PeGOF was 
generated by Jinks and colleagues (Jinks et al., 2000). While the normal Pe promoter is 
only activated in female embryos, the reporter gene driven by Sxl-PeGOF is expressed in 
both sexes. This expression pattern is also consistent with the activation of JAK signaling 
in the embryo. Unfortunately, this 72 bp fragment also contains target sites for other 
transcription factors including the Runt protein, which is also crucial for Pe activity 
(Kramer et al. 1999). As a result, the Pe promoter has limited expression in various 
tissues, and thus cannot be used as a general reporter for JAK activation.  
It has been shown that one enhancer-trap P-element insertion in the stat92e locus 
(stat-lacZ) can act as an in vivo reporter of JAK/STAT pathway activity in the eye 
imaginal disc (Zeidler et al. 1999). The activity of the reporter is inversely proportional to 
the level of JAK/STAT pathway activity. In the Drosophila ovary, most follicle cells 
have weak reporter activity except in polar follicle cells, which express strongly, and 
stalk cells, which express moderately. Since its expression in the epithelium does not 
reflect graded STAT activity as revealed by STAT antibody staining, it may not be able 
to act as a reporter for JAK activity in the epithelial cells. Also, a negative regulatory 
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isoform of STAT has been reported recently (Henriksen et al. 2002). Thus, stat-lacZ may 
not faithfully reflect JAK pathway activation. 
Here I describe the design and analysis of a novel in vivo reporter construct based 
on the conserved STAT binding sites. Interestingly, although several different constructs 
with variable number of STAT binding sites were analyzed, only one construct shows 
response to JAK activation in cultured Clone 8 cells. In vivo analysis shows that this 
reporter is expressed in a manner similar to upd in various tissues. The expression pattern 
of this reporter also fits the known roles of JAK signaling in the developing egg and 
imaginal eye discs. Also, a specific expression pattern for this reporter is found in the 
developing leg and antenna imaginal discs, and other tissues, suggesting potential roles of 
JAK signaling in the development of those tissues. 
 
Results 
 
 
The construction and cell culture analysis of STAT activation reporter  
Twelve different STAT activation reporters were constructed. All of the 
constructs contain one to four copies of STAT binding sites with variable distances 
between them (Fig 4-1A) in the enhancer region of a lacZ reporter gene. For each STAT 
binding site, the sequence is either “TTCCCCGAA” or “TTCGGGGAA”. Five of these 
constructs that contain either two or four copies of the binding site were selected for 
transfections of cultured Clone 8 cells to determine their responsiveness to JAK 
activation. Clone 8 cells were chosen for this experiment, because these cells have been 
shown to have a good response to JAK pathway activation in the presence of the ligand 
Upd (Harrison et al. 1998). Because over-expression of hop in the cells can activate 
STAT proteins (Yan et al. 1996), the hop gene driven by an actin5C promoter was co-
transfected with the reporter constructs in Clone 8 cells. The reporter vector without Stat 
binding sites was used as a negative control (not shown). Surprisingly, only one of these 
tested reporter constructs showed a specific response to JAK activation (Fig 4-1B and C).  
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In this reporter construct, there are four concatermized STAT binding sites in the 
enhancer region. This reporter is named SBS-lacZ in all the subsequent text and figures. 
 
In vivo expression pattern of SBS-lacZ 
Since this SBS-lacZ construct shows response to JAK activation in cultured Clone 
8 cells, I generated transgenic flies carrying SBS-lacZ in order to analyze its expression 
pattern in vivo. If the reporter is responsive to JAK pathway activation in vivo, its 
expression pattern would be expected to be similar to that of upd. Because upd has a 
dynamic and specific expression pattern in the embryo (Harrison et al. 1998), the 
expression of SBS-lacZ in early embryogenesis was examined, and the expression was 
revealed by antibody against beta-galactosidase in comparison to upd-lacZ expression 
(Fig. 4-2). In embryogenesis, the earliest detection of reporter expression was in the early 
gastrulation stage, when it was weakly expressed throughout the embryo. A possible 
reason for not detecting reporter expression in earlier stages is that beta-galactosidase 
may need some time to be synthesized after transcription, consistent with this hypothesis, 
upd-lacZ expression is first detected at these same stages. At late gastrulation, its 
expression was restricted to 14 stripes, which was very similar to the expression pattern 
of upd, but in a slightly broader domain (Fig 4-2). Later in embryogenesis, it had its 
highest expression in the tracheal pits, which was also similar to upd expression.  
The similarity between the expression patterns of SBS-lacZ and upd in 
embryogenesis suggests that the reporter is responsive to JAK activity in vivo. To test if 
the reporter is generally reflective of JAK activity in any tissues, expression was 
examined in the adult ovary and in the larval imaginal discs. Consistent with the 
suggested JAK activity gradient at the termini of the epithelium, SBS-lacZ was expressed 
as a gradient expanding from the poles (Fig. 4-3A arrowhead). Also, interestingly, SBS-
lacZ is highly expressed in cap cells (Fig. 4-3B), two-three non-mitotic cells at the 
anterior end of the germarium, which are believed to be the key component of a niche 
environment for maintaining germline stem cells (Xie and Spradling 2000). It is reported 
that the JAK pathway is required for stem cell maintenance in the Drosophila testis. SBS-
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lacZ expression in the cap cells may suggest a potential role of JAK pathway in germline 
stem cell maintenance in oogenesis. Consistently, STAT92E is also expressed in the cap 
cells (Fig. 4-3C), and domeless, which encodes a receptor for JAK pathway, is highly and 
specifically expressed in the cap cells as well (data not shown). 
SBS-lacZ is also expressed in larval imaginal discs. In the eye disc, Upd forms a 
concentration gradient expanding from a cluster of cells near the optic stalk. Here we 
show that upd is expressed in a cluster of localized cells near the optic stalk, revealed by 
GFP from flies carrying “upd-GAL4; UAS-GFP” constructs (Fig. 4-4A). SBS-lacZ is 
expressed strongly in these upd-expressing cells, and is also expressed in a gradient 
expanding from these cells (Fig. 4-4B. Thus, localized upd expression may create an Upd 
concentration gradient, resulting in a JAK activation gradient, which might be crucial for 
a suggested role of JAK pathway in organizing cell polarity in ommatidia. SBS-lacZ is 
also expressed in the wing discs, leg discs and antenna discs of third instar larvae. 
Interestingly, its expression in these imaginal discs is not similar, but is somehow related 
to the upd expression pattern (Fig. 4-4).  
 
Discussion 
In this chapter, I described the construction and in vivo analysis of a novel JAK 
activation reporter based on concatermized STAT binding sites. In vivo analysis shows 
that it is expressed in a similar pattern to upd in various tissues at different developmental 
stages. This suggests that the reporter is responsive to JAK activation in vivo, and thus it 
could be used as an indicator for JAK pathway activation in various tissues during 
development. 
All known mammalian and Drosophila STATs have specific recognition sites in 
the enhancer regions of their target genes. STAT activation reporters contains these 
recognition sites have been successively used in cultured mammalian cells (Bromberg et 
al. 1999). In Drosophila, STAT shares a similar recognition site. Interestingly, five tested 
reporter constructs that contain two to four copies of this site show different 
responsiveness to JAK activation in cultured Drosophila cells. Only one construct that 
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contains four copies showed a response. One possible explanation is that the distance 
between the STAT binding sites is crucial for the binding affinity of STAT, or other 
factors required for transcription function of STAT. Alternatively, lacZ expression based 
on the X gal staining might not be sensitive enough to detect subtle changes.  
In vivo analysis shows that the reporter is expressed in many tissues at different 
developmental stages. The expression pattern in some tissues is consistent with the 
suggested or known role for JAK signaling pathway function. It is also expressed in 
many tissues in which involvement of JAK activity has not been implicated. Although the 
reporter is likely to reflect STAT activity, it does not necessary indicate JAK activation, 
since STAT could be activated through other mechanisms. Thus, I suggest a potential 
function of STAT in some other tissues, including larval antenna and leg imaginal discs, 
optical lopes, salivary gland and fat body where SBS-lacZ expression has been detected 
(data not shown).  
Although the in vivo expression pattern of SBS-lacZ suggests it could be used as 
a general indicator for JAK/STAT activation, the reporter is expressed very weakly. This 
limits its application for other purposes (such as a screen for JAK pathway modifiers) and 
the specificity of this reporter to STAT activation in vivo is difficult to assess. It would 
be interesting to know if it could be improved by adding more STAT binding sites to the 
enhancer region.  
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Fig. 4-1. Construction and analysis of Stat binding site reporters. One to four copies 
of conserved Stat binding sites (TTCNNNGAA) were inserted into the enhancer region 
of a lacZ construct. (A) 12 different reporters were constructed and 5 of them were 
analyzed in the cultured clone 8 cells to determine their responsiveness to JAK activation. 
Only one of the constructs (#9) tested shows responsiveness to JAK activation. (B and C) 
The #9 reporter is responsive to JAK activation. Clone 8 cells were transfected with SBS-
lacZ alone (B) or co-transfected with SBS-lacZ and actin-hop (C). Only co-transfected 
cells show β-galactosidase activity (X-gal staining). 
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Fig. 4-2. SBS-lacZ has a similar expression pattern to upd-lacZ in embryogenesis. 
Expression patterns of both constructs were revealed by antibody staining to β-
galactosidase. No expression was visible for either construct before early gastrulation. (A 
and B) During early gastrulation, both constructs show weak expression throughout the 
embryo, with higher expression in the head crescent for upd-lacZ. (C and D) During late 
gastrulation, both constructs show specific 14-striped expression pattern, but the SBS-
lacZ is expressed in a broader domain. (E and F) Later, both constructs show similar 
expression in 14 stripes and tracheal pits.   
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Fig. 4-3. SBS-lacZ expression pattern in ovariole. In the early to mid oogenesis, SBS-
lacZ is expressed in all the epithelial cells of an egg chamber (A), with higher level 
toward termini (arrowhead). (B) In the germarium, it is highly expressed in the cap cells 
(arrow). (C) An antibody to STAT92E shows that STAT is also expressed in the cap cells 
(arrow) and inner sheath cells (arrowhead). 
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Fig. 4-4. SBS-lacZ has a similar or related expression pattern to upd in imaginal 
discs. upd expression in the imaginal discs (from flies carrying “upd-Gal4; UAS-GFP”) 
were visualized by green GFP, and at the same time, the discs were visualized by 
Nomaski (A, C and E). SBS-lacZ expression in the discs was visualized by antibody 
staining to β-galactosidase (B, D and F). In the eye discs, upd is expressed in a cluster of 
cells (arrow) next to the optic stalk (arrow head) (A), while SBS-lacZ is expressed highly 
in these cells, and also seems to form a gradient expanding from these cells to the most 
distant cells at the morphogenic furrow (B). In the wing discs, upd is expressed highly in 
the hinge region (C), while SBS-lacZ shares a similar pattern (D). Both constructs are 
expressed in the antenna discs and leg discs (A-B, E-F), but their expression patterns 
seem to be less correlated. In the antenna disc, there are two clusters of cells (A, arrows 
on the left) at each end of a disc expressing upd. SBS-lacZ is expressed in a broader 
region at the center of these discs, with higher level at the furrows (central rings) (B). In 
the leg discs, central rings are in distal region while upd expression extends to proximal 
regions. 
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Chapter Five 
 
Conclusion and Discussion 
 
In this work, I described two separate roles of JAK signaling in follicular 
patterning in Drosophila oogenesis. In early oogenesis, it promotes stalk cell fate in a 
predefined precursor pool of polar and stalk cells. Later in the patterning of the follicular 
epithelium, a graded JAK pathway activity instructs subsets of follicle cell fates along the 
anterior-posterior axis. Upd, which is expressed specifically at each end of the egg 
chamber, may be a morphogen in this process. Also, an in vivo reporter for STAT 
activation containing concatermized STAT binding sites was constructed and analyzed. 
 
JAK promotes stalk cell fates from polar/stalk precursor pool 
 
Clonal analysis suggests that polar and stalk cells are derived from the same 
lineage, polar/stalk cell precursors (Margolis and Spradling 1995; Tworoger et al. 1999). 
They both differentiate at the time when the newly formed egg chamber pinches off from 
the germarium. Both cells have indispensable functions. Stalk cells are required for the 
separation of adjacent egg chambers (Ruohola et al. 1991), while an organizer activity of 
polar cells in the patterning of the epithelial cells has been recently reported (Grammont 
and Irvine 2002). Understanding how those two important types of cells are specified 
may provide a general mechanism for lineage specification.  
 
Here, I showed that the JAK-STAT pathway is involved in the differentiation of 
polar and stalk cells. unpaired (upd), which encodes the known ligand for the JAK-STAT 
pathway, is expressed specifically in the polar cells in the developing egg. Reduced 
function of Upd or Hop results in fusions of egg chambers, which are primarily caused by 
improper formation of stalk cells. Consistent with the observation that reduced JAK 
activity results in increased numbers of polar cells and concomitant loss of stalk cells, 
general activation of the pathway in the egg chamber produces extra stalk cells and 
sometimes eliminates polar follicle cells. Based on the suggested function of the Notch 
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pathway in this process (Ruohola et al. 1991; Larkin et al. 1996; Grammont and Irvine 
2001; Lopez-Schier and St Johnston 2001), we propose a model in which Notch signaling 
determines a pool of precursors for the polar and stalk cells while differential JAK 
activity distinguishes these two cell types within that pool,  with high JAK activity 
promoting stalk cell fate and/or preventing polar cell fate (Fig 2-7). 
 
 
New insight into epithelial patterning 
 
The follicular epithelium in the Drosophila ovary is a useful model system for 
studying tissue patterning. The patterning of this epithelium is a complex process, which 
requires sequential and combinatorial activation of several signaling pathways. Based on 
the cell morphology and enhancer trap marker analysis, it is postulated that during the 
early development of the follicular epithelium, subpopulations of terminal follicle cells 
are pre-patterned by a radial signal emanating from the poles, thus resulting in a 
symmetrical pre-pattern along the anterior-posterior axis. The molecular identity of this 
radial signal has remained a mystery.  
In this work, evidence is provided that the signaling pathway responsible for the anterior-
posterior pre-patterning of the epithelium is the JAK-STAT pathway. Also, combination 
of JAK and EGFR pathway activity specifies posterior terminal cell identity. Thus, the 
JAK-STAT pathway has a central role in the anterior-posterior patterning of the follicular 
epithelium, with the EGFR pathway at the posterior breaking the symmetrical pattern. 
The pathway is activated by the ligand, Upd.  Interestingly, by doing so, Upd may act as 
a morphogen. As explored earlier, the data we have presented for Upd seems to fit with 
all the criteria to establish function as a morphogen, except one: we do not know if Upd 
forms a concentration gradient in the epithelium. To test this, a UAS-Upd-GFP fusion 
construct has been made, and transgenic lines carrying this construct have been obtained. 
In vivo analysis of this Upd-GFP expression pattern in the epithelium is in progress.  
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Combinatorial JAK and EGFR activities define posterior terminal cell 
identity 
An intracellular signaling pathway, transduces signals from the extracellular 
surface to the nucleus trigger a set of transcriptional programs, resulting in specific 
cellular outputs, such as a specific cell fate. Interestingly, signaling pathway activation at 
different times, places, or in different cell types may cause different cellular outputs. This 
signaling specificity can be achieved by many mechanisms, such as quantitative 
differences in the presence of stimulators or modulators. Another way to achieve 
signaling specificity is through combinatorial signaling. In this case, two or more 
signaling pathways may work in parallel or interact to determine a specific cellular 
output. 
In the patterning of the follicular epithelium, I showed that at the anterior, without 
EGFR signaling, JAK signaling defines the anterior terminal cell identity. At the 
posterior, where EGFR signaling is active, combinatorial activity of both JAK and EGFR 
signaling defines posterior terminal cell identity.  So, what is the molecular relationship 
between JAK and EGFR signaling? 
It is reported that there is potential crosstalk between these two pathways in 
vertebrates. In cultured mammalian cells, activation of EGFR alone is sufficient to 
activate specific JAKs and STATs. But interestingly, it seems that JAK is not required for 
EGFR mediated STAT activation (David et al. 1996; Leaman et al. 1996). Instead, Src 
kinase may be the source of STAT tyrosine phosphorylation, at least in some cell types 
(Olayioye et al. 1999). The tyrosine phosphorylation site on the STAT protein (on the 
SH2 domain) is an essential site for STAT activation by the canonical JAK-STAT 
pathway. Another phosphorylation site is present in most vertebrate STATs. This is a 
serine residue within a P(M)SP motif at the C-terminus. Studies showed that several 
mitogen-activated protein kinases (MAPKs) and some other protein kinases, are also able 
to phosphorylate STATs on this serine residues, and potentiate STAT activity (Decker 
and Kovarik 2000). Thus, EGFR signaling is able to activate STATs through several 
potential mechanisms, including STAT activation mediated by Src Kinase and serine 
phosphorylation of STATs by MAPKs. 
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On the other hand, the stimulation of cytokine receptors alone by growth hormone 
(through GH receptor) or IL-6 (through gp130 family receptor) is able to activate the 
JAK-STAT pathway, as well as the Ras/Raf cascade (Giordano et al. 1997; Yamauchi et 
al. 1998). Evidence suggests that the crosstalk lies at the activation of adaptor proteins 
Shc and Grb2 by JAK, either directly or via EGFR.  
By contrast, in the posterior terminal cell determination in Drosophila ovary, both 
JAK and EGFR are required for posterior cell identity. This suggests that JAK and EGFR 
signaling may work in parallel in this process. It is possible that these two pathways 
converge at some point. Based on the studies in vertebrates, we can ask if EGFR 
signaling also potentiates STAT92E activity by serine phosphorylation in the Drosophila 
ovary. Although a conserved motif for serine phosphorylation is missing in STAT92E, it 
does not rule out the possibility that other serine residues may be recognized by MAPKs. 
Thus, Drosophila oogenesis provides a simple system to study the potential interactions 
between signaling pathways, and studying the potential crosstalk between EGFR and 
JAK signaling in epithelium patterning. 
 
Drosophila as a model system to study the function of the JAK-STAT 
pathway 
 
In vertebrates, the JAK-STAT pathway is essential for the response to about 50 
different hematopoietic family proteins that transduce their signals through four JAKs 
and seven STATs (Schindler 2002). The pathway has crucial roles in hematopoiesis and 
immune response, and is also involved in the development of skin, mammary, brain and 
many other organ and tissues (Levy and Lee 2002). The cellular effects that can be 
stimulated by the JAK-STAT pathway include proliferation, differentiation, survival and 
apoptosis. Aberrant JAK pathway activity may cause serious problems in humans, 
including immune deficiency, asthma, and cancer. 
Components of the JAK-STAT pathway have been found in invertebrates as well, 
including the slime mold Dictyostelium discoideum, C. elegants and Drosophila. One 
STAT homolog or STAT-like molecule has been identified in both D. discoideum and C. 
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elegants, but no JAK protein has been identified in either system. On the other hand, a 
complete JAK-STAT pathway is present in Drosophila. There are several aspects that 
make Drosophila a powerful system to study the JAK-STAT pathway. First, not only do 
the components of the pathway share sequence similarities, but also the way they 
transduce the signal is the same. Second, there is only one JAK, one STAT and probably 
one receptor in Drosophila, while there are many receptors, JAKs and STATs in 
vertebrates. The redundancy of the components in vertebrates makes the pathway very 
complex to analyze. Thus, Drosophila provides a simpler model to analyze. Third, 
Drosophila has its advantage in genetic manipulation. As a result, studying the JAK-
STAT pathway in Drosophila has become a very active research area. 
Studies in Drosophila showed that the JAK-STAT pathway functions in the 
development of a variety of tissues (Luo and Dearolf 2001; Hombria and Brown 2002), 
which is not surprising because of the known pleiotropic nature of the JAK pathway 
function in vertebrates. Interestingly, the function of JAK signaling in hematopoiesis may 
be conserved from flies to humans. A JAK2 fusion protein with constitutive kinase 
activity caused by chromosome translocation is responsible for acute lymphoblastic 
leukemia in some patients (Lacronique et al. 1997; Peeters et al. 1997). In Drosophila, 
constitutively active JAK mutants can also cause leukemia (Harrison et al. 1995; Luo et 
al. 1995), which is characterized by the formation of melanotic tumor and hypertrophy of 
the hematopoietic organs, larval lymph glands. This is an example of how studying the 
JAK-STAT pathway in Drosophila may contribute to the understanding of the pathway 
function in mammals and humans. 
Studies in Drosophila also indicate some novel functions of JAK-STAT pathway, 
including cell polarity, cell migration and stem cell maintenance (Luo and Dearolf 2001 ; 
Hombria and Brown 2002 and unpublished observations). Some of these functions may 
also be conserved in vertebrates. Although there is no direct evidence, some indirect 
evidence is available. For example, STAT3 mutant mice show defects in embryo 
gastrulation (Takeda et al. 1997; Sano et al. 1999), a process requiring cell shape changes 
and cell migration. During gastrulation, some of the epithelial cells within the epiblast 
layer need to migrate through the primitive streak to form the mesoderm, while the 
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mesoderm is not formed in STAT3 knockout mice. Also, during fetal development, the 
hematopoietic stem cells migrate to the bone marrow from the liver. One study showed 
that JAK2 is required for the migratory nature of the hematopoietic progenitor cells in 
vitro (Zhang et al. 2001). Thus, it is possible that the JAK-STAT pathway is also required 
for cell migration in vertebrates. In Drosophila, JAK signaling is required for stem cell 
maintenance in spermatogenesis. Similar function also suggested in oogenesis (Fig. 4-3. 
and unpublished data). In vertebrates, some observations suggest that the pathway may 
also be required for stem cell maintenance. It is reported that STAT3 is required and 
sufficient in the maintenance of undifferentiated embryonic stem cells in vitro (Matsuda 
et al. 1999; Raz et al. 1999), and STAT5a/b are required for self-renewal of primary 
multipotential hemopoietic cells in vitro (Zhao et al. 2002). Thus, many functions of the 
JAK-STAT pathway are conserved from files to vertebrates. Studying the function of the 
pathway in files will ultimately contribute to the understanding of the function of the 
JAK-STAT pathway in mammals and humans.  
In this work, we suggest a novel morphogenic function of the JAK-STAT 
pathway in epithelium patterning in Drosophila. Although patterning by graded JAK 
activity has been implicated in other tissue developments in Drosophila, including cell 
polarity in the ommatidia (Zeidler et al. 1999) and the elongation of hindgut (Johansen et 
al. 2003), there is no report so far to indicate a similar patterning event by the JAK-STAT 
pathway in vertebrates. As described earlier, morphogens are developmentally important 
molecules. They play central and indispensable roles in the patterning of a variety of 
tissues and organs in both vertebrates and invertebrates.  Interestingly, only a few 
molecules have been characterized as morphogens, and their functions are all conserved 
throughout evolution. Although Upd does not share significant sequence similarity with 
known cytokines, protein structure or function may be similar. After all, they all function 
(at least in part) as ligands for the JAK-STAT pathway. Thus, could some cytokines be 
morphogens? Is there a morphogenic function of the JAK-STAT pathway in vertebrates? 
We do not know. But who says, the best is yet to come. 
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Chapter Six 
 
Materials and Methods 
 
 
 
Fly strains and markers 
 
Flies were raised at 25oC unless otherwise stated.  updYM55 and hopC111 are strong 
or null alleles (Harrison et al. 1998; Luo et al. 1999), hopmsv is a point mutation weak 
allele of hop (Luo et al. 1999). updsisCG20 is a hypomorphic allele of upd. statj6c8, stat 06346 
and dom367are P-element mutations (Hou et al. 1996; Zeidler et al. 1999; Brown et al. 
2001), and are also strong alleles. Gal-E132 (Upd-Gal) is a gift from E. Matunis. PD 
(upd-lacZ) is a gift from H. Sun. Notch264-40 is a strong LOF allele of Notch (Park et al. 
1998). Other enhancer marker lines used in this study to mark sub-populations of follicle 
cells are: 93F (Ruohola et al. 1991) for stalk cells, PZ80 (Karpen and Spradling 1992)  
and A101 (neu-lacZ) for polar cells, 5A7 for border cells, MA33 for stretched cells, dpp-
lacZ for both stretched and centripetal cells, BB127 for centripetal cells (Twombly et al. 
1996; Gonzalez-Reyes and St Johnston 1998b), mirror-lacZ for main body follicle cells 
(Jordan et al. 2000; Zhao et al. 2000), pointed-lacZ(998/12) and H20 for posterior 
terminal cells (Roth et al. 1995), P1542 for posterior and dorsal follicle cells and kek-lacZ 
for dorsal follicle cells (Musacchio and Perrimon 1996). 
 
Generation of LOF clones 
 
Mosaic egg chambers carrying loss of function mutations for upd, hop or stat 
were generated by Flp-mediated mitotic recombination (Chou and Perrimon 1992). 
Expression of flp recombinase can be induced either by heating shock animals carrying 
hs-flp construct or by a direct induction using GAL4 lines that is expressed in the egg 
(Duffy et al. 1998). By the latter method, only somatic follicle cell clones were generated, 
because UAST-flp is not expressed in the germline (Duffy et al. 1998). 
The genotype of animals in which clones were induced by heat shock were: 
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y w updYM55 FRT9-2/ y w histone-GFP FRT 9-2; hs-FLP38/ + 
y w v hopmsv FRT101/ Ub-nGFP FRT101;  hs-FLP99, MKRS/ + 
y w hopmsv FRT101/ y w histone-GFP FRT 101; hs-FLP38/ + 
y w hopC111 FRT101/ y w histone-GFP FRT 101; hs-FLP38/ + 
hs-FLP12/ +; Stat92Ej6c8 FRT 82B/ FRT 82B π−myc/ +   
 
Clones were induced by a 3-hour heat shock of adult females at 37oC. After heat 
shock, flies were put into vials containing fresh yeast paste and grown at 25oC. Ovaries 
were dissected and examined for morphological or molecular alterations two to eight day 
post-heat shock (phs). 
 
The genotypes of directed mosaic animals were as follows:   
y w v hopmsv FRT101/ Ub-nGFP FRT101; e22C-GAL4 UAS-FLP/ + 
y w v hopmsv FRT101/ tub-lacZ FRT101; e22C-GAL4 UAS-FLP/ + 
y w hopc111 FRT-L46B/ y w Ub-nGFP FRT-L46B; e22C-GAL4 UAS-FLP/ + 
e22C-GAL4 UAS-FLP/ +; FRT82B stat92E06346/ FRT82B π−myc 
e22C-GAL4 UAS-FLP/ +; FRT82B stat92Ej6C8/ FRT82B π−myc 
Since the constitutive expression of FLP recombinase in the somatic follicle cells 
of the germarium, somatic clones were continuously produced in the ovariole.  Adult 
females were dissected for ovary analysis between three and seven days after eclosion. 
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Generation of misexpression clones 
 
Misexpression clones of upd, hop or λ-top were generated by a flip-out cassette 
(Struhl and Basler 1993; Neufeld et al. 1998), and misexpressing cells were induced by a 
30 min to 1 hr heat shock at  37oC, and animals were dissected and stained 2-5 days phs.  
The genotypes of the misexpressing clone are: 
 [hs-FLP]/+; [Actin5C>y>GAL4], [UAS-GFP]/[UAS-hop];  
[hs-FLP]/+; [Actin5C>y>GAL4], [UAS-GFP]/[UAS-upd];  
[hs-FLP] / [UAS-λ-top]; [Actin5C>y>GAL4], [UAS-GFP]/+  
[hs-FLP] / [UAS-λ-top]; [Actin5C>y>GAL4], [UAS-GFP]/[UAS-upd].   
(Those animals should also carry one of the following enhancer trap markers for 
cell fates: BB127 on X chromosome, MA33 or dpp-lacZ on Second chromosome, or 5A7, 
pnt-lacZ on Third chromosome, etc) 
 
X-gal staining 
 
X-gal staining for β-galactosidase activity was performed as following: Ovaries 
were dissected in PBT (1x PBS, 0.1% Tween 20), and then fixed for 1-2 minutes in 2.5% 
glutaraldehyde (Sigma) in PBS. Ovaries were washed in PBT and X-gal staining solution 
(Klambt et al. 1991), and then stained in X-gal staining solution with X-gal (0.5 mg/ml) 
at 37 oC for 4 hours or until color developed.  Staining solution was washed out with PBT 
and ovaries were mounted in 70% glycerol. X-gal staining for cultured Clone 8 is 
performed similarly, except the cells are fixed for 30 second in 2.5% glutaraldehyde. 
 
In situ hybridization 
 
Strand-specific probes for upd, hop, and stat92E were generated by linearizing 
pBS-GR51, phop5.1, and pNB40-stat, respectively, then making digoxigenin-labelled 
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DNA with Taq polymerase by using appropriate primers from the polylinkers of the 
cloning vectors and subjecting to 30 cycles of synthesis.  This generated separate single-
stranded sense and antisense probes. 
 Ovaries used for in situ hybridization were prepared as following: ovaries were 
dissected in PBT, transferred into a 1.5ml Eppendorf tube, and agitated gently in a 
mixture of 0.5ml 4% formaldehyde in PBT and 0.5ml heptane for 10 minutes. Heptane 
was then removed from the mixture, and replaced with 0.5ml Methanol. The mixture was 
shaked vigorously for 30 second, and the solution was then replaced with 1ml of 
Methanol. After wash by methanol for several times, the ovaries can be stored at –200C, 
or can be rehydrated progressively in PBT for in situ hybridization. After rehydration, 
ovaries were digested with proteinase K for one hour at room temperature, and the 
reaction was stopped by fresh 2% Glycine in PBT. The ovaries were then pre-blocked in 
hybridization buffer for one hour at 450C. The digoxigenin-labelled DNA probe was then 
added and incubated overnight. After washing with PBT for five times, Alkaline 
Phosphatase-conjugated rabbit antibody against digoxigenin was added and incubated for 
one hour (1:2000 dilution in PBT). For color reaction, the ovaries were subsequently 
washed with PBT and pH 9.0 reaction buffer, and 1ml reaction buffer with 4.5ul NBT 
and 3.5ul X phosphate was then added to the ovaries until color develops. The reaction is 
stopped by washing several times with PBT. Ovaries were mounted in 70% glycerol. 
 
Immunological staining 
 
Ovaries were dissected in PBT (1x PBS, 0.1% Tween 20), and were fixed for 1-2 
minutes in 2% formaldehyde in PBT.  Ovaries were washed in PBT, pre-blocked with 1% 
BSA and 5% normal goat serum for two hours, and incubated with primary antibodies 
overnight at 40C with rotation. The secondary antibodies were incubated for 2-3 hours at 
room temperature. Ovaries were washed with PBT and mounted in 70% glycerol. DAPI 
stain was performed during the last wash step, with 1:1000 dilutions for 5 minutes. Same 
protocol was used in antibody staining for larval tissues, except larvae were pull apart 
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before the fixation step. For antibody staining for embryos, embryos were dechorionated 
first.  
Primary antibodies and dilutions used were: rabbit α-β-galactosidase (5’-3’) at 
1:1000, rabbit α-Myc (sc789, Santa Cruz Biotech.) at 1:60, rabbit α-GFP (Torrey Pines 
Lab) at 1:500, mouse α-Fasciclin III (7G10, Developmental Studies Hybridoma Bank-
DSHB) at 1:30, mouse α-α spectrin (3A9, Developmental Studies Hybridoma Bank) at 
1:20, mouse α-Orb (4H8, DSHB) at 1:30, rabbit α-phospho-Histone H3 (PH3, Upstate 
Biotechnology, Inc.) at 1:500, mouse α- Broad Complex (gift from J. Duffy) at 1:50), 
rabbit α-STAT92E (gift from S.X. Hou) at 1:1000 and rabbit α-Staufen (gift from D. St. 
Johnston) at 1:2000.  Secondary antibodies were Texas Red-α-mouse/rabbit, FITC-α-
mouse/rabbit, and Texas Red-α-rat each used at 1:200 (Jackson Immunolabs).   
  
SBS reporter construction 
 
Two pair of oligos each contains one copy of STAT binding site (SBS, 
underlined) were synthesized. They are: 25F: 5'-
GATCCGTTTTTTTCCCCGAACCCAG-3'and 25R: 5'-
GATCCTGGGTTCGGGGAAAAAAACG -3'; 30F: 5'-
GATCCGCTAGTTTTTTTCCCCGAACCCAGG -3' and 30R: 5'-
GATCCCTGGGTTCGGGGAAAAAAACTAGCG-3'. The dimmerized oligos have 
BamH1 sticky ends on both 5 and 3 prime sides. Each dimmer was ligated into pBS II-
KS+ vector on BamH1 site.  About 60 random clones were screened for insertions by 
restriction enzyme digestions followed by poly-acrylamide gel electrophoresis. The 
clones with insertions were subsequently sequenced to determine the number and the 
directions of the insertions. By this way, 11 different insertions with different numbers of 
SBS (up to 4) and/or distance between them were recovered. The fragment contains one 
to four copies of SBS was cut out by EcoR1 and SpeI and inserted into a polylinker site 
of a P-element lacZ gene vector, C4PLZ.  
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Transient transfection of clone 8 cells 
 
Clone 8 cells were cultured in Shields and Sang Medium 3 (SS3) supplied with 
2% heat inactivated Fetal Calf Serum, 12.5IU/100ml insulin, 2.5 % fly extract (protocols 
can be found at: http://www-sbms.st-and.ac.uk/sites/flycell/flyextract.html), and 1x 
antibiotics (Penicillin and Streptomycin) (Sigma). Cells were transferred into a six-well 
tissue culture plate, seeded about 1-2 x 105 cells in 2ml medium, and incubated at 290C 
for one day or until the cells are 60-80% confluent. After washed with serum-free 
medium, Cells in each well were then incubated with 1µg for each of appropriate DNAs 
mixed with 3µl CELLFECTIN reagent (Life Technologies) in 1ml serum-free medium. 
After 4-6 hour incubation at 290C, DNA containing medium is replaced with SS3 
medium with supplements. Reporter activity is analyzed at 48-hour post transfection. 
 
Image capture and processing 
 
Epifluorescence and Nomarski (or Differential Interface Contrast, DIC) images 
were captured using a Spot Camera (Diagnostic Instruments) on a Nikon E800 
microscope.  Confocal images were collected on a Leica TCS-SP laser scanning confocal.  
Images were exported to TIF format and processed and annotated in Adobe Photoshop 
7.0. 
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